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SECTION I

SUMMARY

Since the advent of the laser in 1960, numerous scientists and

engineers concerned with the exploration of space have sought to apply the

laser to space communication problems.* The practical realization of a

coherent oscillator in the optical part of the electromagnetic spectrum has

generated two separable breakthroughs in the art of space communication:

• The first is the high directivity or equivalent

antenna gain due to the laser's spatial coherence.

• The second is that enormous bandwidths are achieve-

able in a communications system because of the laser's

temporal coherence.

The major advantage offered by optical communications in the state

of space communications art is the reduction of transmitter power due to the

directivity of a laser communications antenna. This reduction of transmitter

power permits high data rate comsm_ications at distances that are impractical

with microwave systems. Deep space laser communication systems are superior

to microwave systems in the number of bits per second transmitted per watt of

power required from the spacecraft.

An optimum choice for laser communications through the earth's

atmosphere in today's state of thwart is a sys_d on quantum detection

of the optical photons transmitting digitized information. An intensity de-

tection system on the earth collecting photons transmitted by a spaceborne

laser has been analyzed** and breadboarded*** for feasibility using today's

laser technology.

The intensity detection technique avoids the wavefront distortion

problems introduced by the atmosphere that exist in a coherent detection tech-

nique. Coherent detection of optical radiation, as in microwave systems, re-

quires a constant phase relationship between the radiation incident at various

points in the receiver aperture. It has been shown that, when a visible laser

*Cameron, A.G.W. (ed.) Interstellar Communication, New York: W.A. Benjamin,

Inc. 19b J; Article by R.N. Schwartz and C.H. Townes, pp. 223-231.

**Determination of Optical Technology Experiments for a Satellite, Perkin-

Elmer, Contract NAS8-I1408, NASA Report CR-2527 July 1965.

Laser/Optics Techniques, Perkin-Elmer Report No. 8387, Contract NAS8-20115,

June 1966.
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beam traverses an appreciable portion of the atmosphere_ the phase coherence

across the wavefront is soon lost. This wavefront degradation is a function

of wavelength and severely limits any coherent communication link with visi-

ble light although it does not deteriorate intensity detection operations.

It is with this background that an optical communication experi-

mental package is proposed within the framework of the Apollo Applications

Program. All of the components necessary for such a system exist today and

the technical impact of a space laser communication subsystem to future manned

and unmanned payloads invite the space flight of such a system at the

earliest time that NASA can make a synchronous orbit spacecraft available for

engineering experiments necessary for development of space laser communication. Thus

the principal function of the Laser Communication Sateilite Experiment (LCSE)

as illustrated in the frontispiece is to establish and maintain optical com-

munications via a diffraction-limited laser beam utilizing techniques which

are applicable to a deep space mission.

In addition_ the LCSE equipment can provide valuable data for

future missions involving man in space. Provisions have been made in the

proposed design of the spaceborne Laser/Telescope to accommodate experiments

that permit the astronaut to view the earth through the telescope. These

earth-viewing experiments would establish the utility of a moderately large

optical aid 3 the 16-inch telescope, to an astronaut orbiting a planet.

The proposed 16-inch diameter telescope is an instrument well

suited to evaluate how successfully the astronaut can perform space tasks

with a viewing optical system. The telescope has a fine guidance system and

uses the Apollo Telescoping Mast (ATM)* to provide earth-viewing stability

of 0.i arc-second and i0 arc-seconds. In addition_ the astronaut can observe

the earth with a 2 arc-minute and a i degree field of view.

The experiment design approach described in this report is an

outgrowth of theoretical study, laboratory work_ and the laser system engi-

neering which has been sponsored by the Marshall Space Flight Center and the

Office of Advance Research and Technology for several years. This report

applies the current developments in space laser communication technology.

Fundamental engineering approaches that are illustrated in the report are

laboratory techniques which have been demonstrated already in the Laser/Optics

Techniques Project.

THE PROPOSED EXPERIMENT SYSTEM

The important characteristics of the proposed LCSE relate to the

function of an optical communication system demonstration from space. The ex-

periment can provide i0 million bit/second laser communications from a syn-

chronous orbit Apollo Applications Program (AAP) space vehicle. The equipment
as described would be suitable for both manned and unmanned missions of the

future.

*See Footnote page 9
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There are two design features of the proposed experiment that

make it particularly compatible with the AAP concept:

The Laser/Telescope is attached to the AAP space-

craft by means of a boom and gimbal arrangement

similar to the approach used in Stratoscope ii.

That is 3 the pointing system has a coarse mode

(spacecraft attitude control to 1/2 degree) 3 fine

pointing mode with command signals originating in

the optical payload (gimbal pointing to I0 arc-

seconds), and a very precise pointing mode using

optical techniques (line-of-sight steering to 0.I

arc-second).

• The experiment package would be compatible with the

AAP hardware (Saturn Booster_ Command Module_ Serv-

ice Module, Lunar Excursion Module (LEM)_ etc.) and

would utilize the existing electrical power systems,

communication systems and LEM attitude control sys-

tem. In addition, the boom and gimbal hardware

needed for the experiment will be the Apollo Tele-

scoping Mast (ATM) or equivalent mechanism.

Precision, simplicity, and high communication efficiency have been

contrived by using four technical principles:

• On the spacecraft, co_aon telescope optics are used

for both the laser transmitter and guidance receiver

channel. This approach eliminates major misalign-

ment problems between the transmit and receive opti-

cal channels.

• The key tracking system in the experiment incorpor-

ates a two-axis_ servo controlled optical element

which directs the laser beam very precisely. The

servo controlled optical element is a transfer lens

which has a high dynamic response as well as extremely

fine pointing precision. The servo transfer lens sub-

system will compensate for angular disturbances about

the line of sight due to equipment vibration of the

spacecraft structure or man-induced motions.

The helium-neon gas laser with an electro-optic

modulator can provide 10 7 bits/second channel for

the experiment. The modulation scheme is the ef-

ficient pulse code modulation using left and right

circular polarization (PCM/PL).
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The necessary subsystems for the in-flight align-

ment of the transmit and receive channel are pro-

vided. In addition 3 optical auxiliaries of beam

spoiling 3 focus control 3 point ahead 3 and station

transfer are incorporated into the design approach.

The laser communication experiment concept 3 as developed in the

Laser Communication Satellite Experiment is based on the single minded objec-

tive of the program: -- Conduct space.optical communication experiments whose

principles of operation are applicable to future deep space missions.

The essence of communicating via a diffraction-limited laser beam

is precise pointing. The laser beam must be aimed ahead of the receiver so

that the receiver aperture is within the central maximum of the far field pat-

tern of the transmitter. To achieve this3 the orbit position and the relative

velocity of the spaceborne transmitter to the earth receiver must be known.

To accomplish 0.i arc-second pointing of the space laser beam at

the earth laser beacon (with the point ahead)3 the five key functions must be

performed:

• Acquisition of the earth laser beacon by the space-

craft telescope (field of view of i degree).

• Acquisition of the sun by the sun tracker to pro-

vide a roll reference for the point ahead offset

angle.

• Tracking of the earth laser beacon to a fraction

of an arc-second.

Transmission to the spacecraft (from earth) of

the point ahead angle in the spacecraft coordinate

system. This point ahead angle compensates for

Bradley effect aberrations 3 due to the relative

velocity between the spacecraft and the earth

station telescope.

Articulating the laser beam from the apparent LOS

by the point ahead angle aboard the spacecraft.

Accomplishing these five functions in a simulated deep space en-

vironment 3 and conducting the related communication experiments such as sta-

tion transfer_ incoherent reception 3 and down-looking scintillation 3 are

important to the overall mission of the LCSE.

To conduct the LCSE communications experiment (Table 113 page 8 )3

the precision of the roll reference need be only 2.25 degrees; while for

deep space 3 the roll reference precision must be 0.056 degree. In order to

conduct a 50 arc-second point ahead experiment with the LCSE_ the roll refer-

ence precision must be 0.167 degree instead of the previously indicated 2.25

4
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degrees. The station transfer experiment requires a roll reference precision

of 0.5 degree. All of these roll reference requirements can be met since sun

tracker hardware is capable of obtaining precision of 0.003 degrees. The roll

reference specifications for the LCSE are summarized in Table IX (page 132)

for the various point ahead experiments to be conducted.

Thus, it can be seen that the principal purpose of the proposed

experiment is to collect engineering and scientific data to establish the tech-

nical feasibility of a deep space laser communication system. The optical 3

opto-mechanical and electro-optical ancillaries which are required to acquire

and track a narrow laser beam are provided so that the proposed experiment

will utilize techniques and procedures applicable to deep space optical com-
munication links.

The proposed engineering experiments of laser conm_nications

from a synchronous orbit will verify the engineering solutions and hardware

that are needed to establish and maintain the very narrow optical communica-

tion beam from the laser transmitter aboard the spacecraft to the receiver

telescope on the earth surface. The width of the laser beam will be deter-

mined by the diffraction limit of the primary mirror antenna in a space

telescope. The Laser/Telescope will establish a broadband laser communi-

cation telemetry link in a manner that will verify the practicality of the

techniques and procedures for space telemetry. The low angular rates between

a synchronous vehicle and an earth receiver telescope are ideal to simulate

the angular rates between a deep-space-probe system and an earth station.
The altitude is sufficient to insure that the laser beam will traverse the

entire atmosphere surrounding the earth.

The astronaut will assist in the experimental procedures when

necessary to insure that the experimental apparatus of the Laser/Telescope

functions satisfactorily. The adjustment capability of the astronaut in an

EVA mode when the vehicle is on station will enhance the overall reliability
of the mission.

An additional objective of the proposed Laser Cormaunication Satel-

lite Experiment, is to collect engineering data on the utility of a space telescope

to an astronaut. The 16-inch aperture_ long-focal-length telescope is an instru-

ment that will be used to assist the astronaut in observing the earth features.

It is planned that the astronaut would have two viewing arrangements= one

arrangement would provide a very stable line of sight at a long focal length;

the second arrangement would provide a moderately stable line of sight at a

somewhat shorter focal length. The astronaut will be able to evaluate the

usefulness and assistance of the telescope in the identification and recog-

nition of earth targets in the vicinity of the earth station. In addition_

the astronaut has the option of pointing the optical instrument at targets

other than the earth receiver with ordinary optical pointing and tracking

precision.
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The proposed Laser Communication Satellite Experiment requires a

synchronous orbit type of manned vehicle in order to obtain the necessary data

from the proposed communication and astronaut viewing experiments. Table I is

a summary of key spacecraft requirements necessary to accomplish the experi-

ments listed in Table II.

THE PRESENT STATE OF DEVELOPMENT IN THE FIELD OF SPACE

LASER COMMUNICATIONS

The present state of development in the field of space laser com-

munications is composed of published literature in component development 3

theoretical systems development_ two simple space experiments in laser propa-

gation from space vehicles and breadboards of subsystems for the proposed
Laser Communication Satellite Experiment. The state of the art is such that

every basic component needed to develop a deep space laser communication sys-

tem exists today as a commercial item or laboratory device. The breadboard

of the proposed experiment has been developed under contract to Marshall Space

Flight Center by Perkin-Elmer Corporation (NAS8-20115). All of the components

necessary to accomplish laser communications from a space vehicle are being

assembled into a single Laser/Telescope assembly to evaluate complete func-

tionality of the proposed experiments.

This breadboard consists of a 16-inch diameter Laser/Telescope in

Wilton_ Connecticut. The present breadboard apparatus has been used in ground

experiments to develop the key components needed for the proposed space laser

cou_unicator experiment. The laser transmitter_ fine guidance tracking equip-

ment_ beamsplitters 3 beam dividers_ alignment and focus devices 3 beam isolators
and a servo controlled transfer lens have all been assembled with the basic 16-

inch telescope to demonstrate the principles needed for the proposed experiment.

In addition 3 the auxiliary equipment needed for coarse guidance 3 self-alignment

servos_ modulators and beamsplitters (for astronaut viewing) will be available

in the equipment shortly.

The technical approach for the Laser Con_nunication Satellite Exper-

iment represents the current state of the art in space optical communications

and is based upon study sponsored by the Marshall Space Flight Center and the

Office of Advance Research and Technology (OART) in Contracts NAS8-I14083

NAS8-202553 and the laboratory-experimental work in Contract NAS8-20115.

6
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TABLE I

KEY SPACECRAFT REQUIREMENTS SUMMARY

i. SYNCHRONOUS ORBIT FOR SIX MONTHS

• Equatorial Crossing ii0 ° W

• 28.3 ° Inclination

2. LASER/TELESCOPE PAYLOAD CAPACITY

• 30 Inch Diameter

• 90 Inch Length

• I00 Watts Power

• 453000 Watt Hours

• 500 Pounds

3. ASTRONAUT PARTICIPATION DURING 14 DAYS OF MANNED FLIGHT

• EVA - 3 Hours

• Inside LEM - 19 Hours

4. ATTITUDE CONTROL

• +1/2 Degree Pitch 3 Yaw and Roll of AAP Vehicle

• 0.1 Degree/Second Angular Stabilization

• Cold Gas Jets for Attitude Control System when

Laser Experiments are being conducted

5. ATM OR EQUIVALENT BOOM/GIMBALS FOR PITCH AND YAW

• i0 Arc-Second Pointing in Response to LCSE Co.hands

(Maximum error tolerable with present Laser�Telescope

Concept is +30 Arc-Second Peak)

6. 1.5 KBPS TELEMETRY FOR LCSE

7. LAUNCH MOUNTS FOR SOFT SUSPENSION DURING LAUNCH
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TABLE II

SPACE EXPERIMENTS SUMMARY

i/i0 Arc-Second Tracking

Acquisition

Point Ahead

Station Transfer

Alignment and Focus

Down-Looking Scintillation

Tracking With Disturbances

Earth Viewing

>
Necessary to Provide

Megabit Communication

Atmospheric Science Data

Man/Telescope Applications
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SECTION II

THE LCSE EqUIPMZNT

2. l LCSE EQUIPMENT DESCRIPTION AND EXPERIMENT PROCEDURES

The equipment needed to conduct the Laser Communication Satellite

Experiment consists of three major units aboard the spacecraft: The Laser/

Telescope, the ATM* or equivalent mast and gimbals, and an experiments control

console located in the LEM. Five different conceptual arrangements for con-

ducting the experiments were considered during the course of this study:

• Basic AAP

• Autonomous Vehicle

• Pallet

• Autonomous Spacecraft Separable From

Boom and Gimbals

• Integrated LEM

Each concept is illustrated and described in the following pages and the ad-

vantages and disadvantages associated with each concept are discussed. The

experimental procedure would vary between concepts to some degree. Howeverj

the description of the experimental procedure which can be found in Section

2.2 is based on the Basic AAP Concept (Figure i).

BASIC AAP CONCEPT (Figure i)

This sketch shows the Lase_Telescope attached to the ATM with the

astronaut looking at the earth. The telescope is about 7-i/2 feet long s 30

inches in diameter and weighs 500 pounds. Power required from the LEM is 85

watts. The second astronaut would be monitoring the experiment from a control

station in the LEMwhile the Command Astronaut remains in the C_andModule.

The equipment would be used in the communication and earth viewing experiments

for 8 days during the 14 day orbit. At the end of the 14th day of the flight s

*Although the Apollo Telescoping Mount (ATM) is referenced throughout this

report s boom/gimbal structures specially suited to the LC_E Miasion could be

used instead. The actual selectlon of ATM or special boom/glmbals will de-

pend upon cost s schedule s and performance considerations.
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the CSM separates from LEM and de-orbits leaving the LEM with the attached

Laser/Telescope on station. The LCSE would be shut down 3 no power on and the

telescope cap closed, for 3 months. At the end of 3 months, the equipment

would be activated for 3 days. Acquisition, track, and unmanned communication

experiments would be conducted for 3 days. The equipment would then be shut

down again for another 3 months when the unmanned communication experiments

would be repeated. Although this 3 month off-cycle, 3 to 8 days on-cycle could

be repeated until equipment malfunction_ the LEM power sources would be de-

pleted at the end of 6 months.

AUTONOMOUS VEHICLE CONCEPT (Figure 2)

This illustration shows a variation of the basic concept that uti-

lizes a separate spacecraft section behind the Laser/Telescope for attitude

control, microwave communications and power. In this arrangement, the LCSE

has its solar collectors folded up to permit the equipment to be stored for

launch inside the LEM descent structure. The EVA Astronaut is shown in two

positions (the same astronaut at two different times). At the Laser/Telescope

deployment station(the bottom of the LEM descent structure), the astronaut

monitors and assists in separating the LCSE from the main Apollo equipments.

The launch clamps in the descent structure are opened, then, the CSM and LEM

units are moved away leaving the LCSE on station a short distance away from

the main Apollo equipments. The solar collectors are unfolded and the LCSE

proceeds through the acquisition and track operations of the earth laser

beacon. The laser communication experiments are conducted as in the Basic

AAP Concept of Figure i; the earth viewing experiments are conducted with the

EVA Astronaut connected to the Apollo equipments by means of a tether, or if

possible, with the astronaut completely free from the Apollo. The LCSE Monitor
Astronaut is sketched at his control station in the LEM.

PALLET CONCEPT (Figure 3)

This arrangement is quite similar to the Basic AAP Concept of

Figure i with the exception that the equipment complex is shown attached to

the Service Module rather than the LEM descent structure. The Experiments

Monitor Station would now have to be located inside the Command Module rather

than in the LEM Life Cell. The EVA Astronaut (not shown) could conduct the

earth viewing experiments as previously described. At the conclusion of the

14 day mission_ prior to de-orbiting, the Laser/Telescope is jettisoned or

returned to its compartment in Sector i of the Service Module. Although no

EVA Astronaut is shown in Figure 33 the astronaut earth-viewing operations

could be conducted as illustrated in Figure 2.

AUTONOMOUS SPACECRAFT SEPARABLE FROM BOOM AND

GIMBAL CONCEPT (Figure 4)

Figure 4 illustrates the Autonomous Vehicle Concept (Figure 2)

with the exception that an extendable boom is supplied to assist in the

10
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erection and deployment operations. Also, experiments related to the point-
ing and tracking errors (due to mandisturbances) in the Apollo CommandModule
and LEMcan be conducted. The gimbals shownare passive gimbals (no servo
torquers). The spacecraft attitude control system is used to point the Laser/
Telescope as a coarse guidance operation during the time that the unit is
connected to the LEMas well as whenthe boomseparates at the separation
joint illustrated in Figure 4. The gimbals have simple locks to prevent rota-
tion at randomwhen the equipment is in the autonomousmode (and no longer
connected to the I.F20.

INTEGRATEDLEMCONCEPT(Figure 5)

In this arrangement, the Laser/Telescope is located in the space

normally used by the LEM descent engine. The Laser/Telescope is gimballed

about its center of gravity with servo torquer motors which are used to posi-

tion the instrument in response to commands from the programmer, the sun seeker_

the coarse guidance electronics o_r the fine guidance electronics. The tele-

scope and the gimbals are in a non-pressurized environment while the astronaut

remains in the LEMLife Cell. The gimbals are attached to the LEM descent

structure. The earth-viewing experiment by the astronaut can be accomplished

in this configuration as well as the four other concepts, but the astronaut

viewing port must be located close to the front of the telescope rather than

the region behind the primary mirror as shown in the other concepts. This will

mean relaying the fine stabilized optical image from the optical path behind

the transfer lens. It is necessary to change this viewing arrangement to avoid

astronaut interference with the gimbals. Therefore, for the earth-viewing

operation_ the astronaut can be visualized as looking into the telescope with

his head just below the inner-most gimbal.

ll



PERKI_ELMER R_po=tNo. 8399

I---
Z
I.iJ

1

IX

Q.
X
uJ

hi
/

O

O
Z

0
L_

I.I.I
l--
1

...I
-.I

_zU _,
Z o _,

bJ

_.J

u I.g

hi U3

Q

L.g
uJ .,j

/
- /

//

/

- /

C_

ILl
-r

0 _,

Ul

zE,

' z

if}

/

)-

o
_o
u IX

U

v_ _

_po_

o{

0,_-

r-_

z
o

z

o

12



/

F

t

\

\

\



I 13



PERKIN-ELMER

14



PERKINELMER
Report No. 8399

15



PERKIN-ELMER
Report No. 8399.

ill 8

\

G.=

tO
(_=
0

...)
UJ

O0

,(C
-w

16



PERKIN-EL.MEFI Report No. 8399

2.2 LCSE PROCF..DURE

In order to conduct the proposed experiments (space laser communi-

cations and evaluation of active astronaut participation (Table II page 8) )3

the key steps in the experimental procedure are summarized in the following

paragraphs. The sequential steps necessary to bring the AAP vehicle from the

launch pad to the '*on station" of Step I are typical of a Saturn V launch into

synchronous orbit. These steps are tabulated in Table lll.on page 18 •

Step i. SPACECRAFT ON STATION

The entire vehicle is placed in a synchronous orbit with a 28.3

degree inclination and the equatorial crossing point of the orbit is 110.6 ° W.

The ground track of the vehicle will be figure "8" patterns in the vicinity

of the ground station located in western United States. The equatorial cross-

ing point of 110.6 ° W is the location of a stable node. The ground station

location should be in the vicinity of the II0 ° W longitude_ but since the

operations will involve line-of-sight tracking 3 and the line of sight extends

for some 4000 miles (I0 degrees above the horizon)3 the location of the ground

station and/or the location of the equatorial crossing are not critical. A

plus/minus i degree longitude variation is quite acceptable for the match be-

tween the equatorial crossing and the location of the ground station. The space-

craft will need a _v capability of less than 200 feet/second to remove the

injection error.

Step 2. START OF EVA (Figure 4)

One astronaut leaves the spacecraft in an EVA mode and proceeds to

the vicinity of the caged Laser/Telescope. One astronaut proceeds to the LEM

Life Cell to monitor experiment operations. The third astronaut remains at his

command station in the Command Module. The attitude control requirement for

the spacecraft during this mode is not critical. The primary concern is to

avoid entangling the astronaut life lines with the spacecraft structures.

Step 3. UNCAGE LASER/TELESCOPE FROM LAUNCH MO_S

The equipment uncaging operations should be conducted when the

angular rates" of the spacecraft are as low as practical (about 0.1 degree/

second). Specific attitude orientation during this operation is not important.

Step 4. BOOM EXTENDED

The Apollo Telescoping Mount is extended so that the Laser/Tele-

scop% which is attached to the stable platform at the end of the ATM_ is free

17



PERKIN-ELMER
Report No. 8399

TABLE III

SATURN V LAUNCH SEQUENCE INTO SYNCHRONOUS ORBIT

Event

No.

7

8

9

i0

ii

12

13

14

Event

Saturn V/LCSE Liftoff

Begin S-If Stage Thrusting

Jettison LES and Interstage

Begin S-IVB Stage Thrusting

Earth Parking Orbit Insertion

Begin Transfer Ellipse to

Synchronous Altitude

Coast to Station Location

Circularization and Removal

of Injection Errors

Begin Transposition and

Docking

S-IVB Stage Separation

Apollo Activity

S-IC ignition and space vehicle liftoff.

Space vehicle pitch over.

S-IC engine cutoff; S-If ullage rocket

ignition; S-IC separation.

The S-II stage will propel the launch

vehicle from an altitude 33.3 nm to an

altitude of approx, i00 nm with a velocity

of 22_200 fps.

After the Saturn V/LCSE has obtained an

appropriate altitude_ the launch escape

system is jettisoned.

The S-IVB/Instrumentation Unit and LCSE

will be injected into a i00 nm parking

orbit by the first burn of the S-IVB.

A minimum of three parking orbits will be

used to accurately establish orbit ephem-

eris and trajectory parameters.

S-IVB restart at precise position. (Veloc-

ity to he gained is a critical value to

reach synchronous altitude at desired

longitude crossing.)

S-IVB/LCSE will coast to the synchronous

altitude along the coplaner transfer ellipse.

S-IVB restart to circularize orbit and make

corrections to remove injection errors.

CSM will separate from LEM; the CSM maneu-

vers through 180 degrees and docks to the LEM.

The S-IVB stage and the Instrumentation Unit

will be jettisoned from the CSM/LEM/LCSE.

AAP ON STATION

CSM Docking; Initiate ATM

Erection

ATM/LCSE Erection Completed

Start Manned Operations

Astronauts De-orbit

LCSE Autonomous Operations

using ATM and LEM Power

Microwaves and Attitude

Control

At least two orbits tracked for ephemeris;

fine adjustment of orbit parameters accom-

plished with CSM.

Control and monitoring of manned participa-

tion. Support of related experiments.

CSM provides retro-force to LEM stage.

CSM de-orbits and returns astronauts to earth.
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of the LEM descent stage structure. While the requirements of low angular

rates are important during the boom extend operations 3 the specific angular

orientation is unimportant. The only requirement of angular orientation dur-

ing the operation is that the sun rays should be entering the bottom of the

LEM descent stage so that the EVA Astronaut who is monitoring the uncaging

and boom extend operations has adequate light for observing the operation.
The astronaut at the control console in the LEM is in voice link communica-

tion with the EVA Astronaut. By means of the control console and the voice

cues from the EVA Astronaut 3 the Laser/Telescope and the ATM are deployed.
The EVA Astronaut returns to the Command Module.

Step 5. LASER/TELESCOPE OUTGASSES

During the next 2 days 3 the equipment is allowed to outgas.

experiments are conducted. Angular rates should be kept low.

No

Step 6. ESTABLISH APPR_I.MATE SUN ANGLE

Using sun sensors on the exterior of the Laser/Telescop% the

approximate sun angle to the vehicle is established. The spacecraft attl-

tude control system orients the spacecraft so that the Laser/Telescope is

pointing at the sun and the angular rates are reduced to values near 0.i

degree/second.

Step 7. SUN ACQUISITION PROGRAM

All lasers are off and the telescope cap is in place covering the

entrance aperture of the telescope. The sun seeker is activated, acquires the

sun, and sends commands to the spacecraft attitude control system to point the

Laser/Telescope at the sun.

Step 8. OFFSET LASER/TELESCOPE FROM SUN LINE BY KNOWN ANGLE

The ground station will telemeter an offset angle to the space-

craft. This offset angle will be programmed into the sun seeker head gimbal

offset servos. As sun seeker heaclgimbal offset servo slowly rotates off from

the initial get% the cmmnands from the sun seeker head to the attitude con-

trol system of the spacecraft request _e spacecraft to move off the sun line

by the same angle. The ATM gimbals are locked at this time so that the Laser/

Telescope is offset in its pointing to the sun by the angle progrmmaed into

the system.

Step 9. OPEN TELESCOPE CAP AND FAST SHUTTER

The telescope cap is closed during all the sun operations in order

to keep direct sunlight out of the telescope. The fast shutter is kept closed
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until the Experiment Monitor Console in the LEM indicates that the experiment

is ready to proceed. The fast shutter and lens cap are then opened. The ground

laser beacon is turned on. The coarse guidance system is now ready to receive

the 4880_ ground laser beacon when the telescope points within i degree of the

ground laser beacon. In the coarse guidance mode, the telescope has a 1-degree

field of view.(FOV).

Step i0. ROTATE ENTIRE TELESCOPE ABOUT SUN LINE

With the sun seeker locked onto the sun and the programmed offset

angle set into the system_ the spacecraft rotates slowly about the sun line so

that the offset telescope searches for the ground beacon on earth with its

1-degree FOV. The ground beacon laser beam will enter the coarse guidance

system sometime during the 360-degree search.

Step ii. COMPLETE COARSE ACQUISITION OPERATIONS (Figures 5 and 6)

When the ground laser beam enters the coarse acquisition optics,

the ground laser beam is divided by a fiber optic image divider. The up-down

and left-right signals are developed by photomultipliers attached to the fiber

optic bundles. The up-down and left-right signals are sent to the ATM stable

platform_ and the Laser/Telescope is oriented to center the image. Up-down

and left-right signals are sent to the spacecraft attitude control system by

the ATM to keep the ATM stable platform centered.

Step 12. ROTATIONAL REFERENCE ABOUT THE LINE OF SIGHT

The sun seeker tracks the sun during these operations with the

ground laser beacon, and the two trackers in combination generate signals

which provide a rotational reference about the line of sight. This. rota-

tional reference signal is developed in the onboard electronic coordinate

converter which sends commands to the Risley prism servos used by the point

ahead system. The coordinate converter commands into the Risley prism servos

will drive the two prism servos 3 as a pair 3 off a pre-established zero position

to compensate for spacecraft rotation about the line of sight. Slow and coarse

rotations about the line of sight are provided by the spacecraft attitude con-

trol system in response to commands from the Risley prism servos.

Step 13. FINE GUIDANCE

With the earth laser beacon image being driven towards the center

of the coarse guidance field by the ATM gimbals 3 the llne of sight of the tele-
scope is centered onto the earth laser beacon. Within i arc-mlnute of the

center of the telescope line of sight _ there is a hole in the coarse guidance

fiber optic bundles. When the earth laser beacon image is driven towards the

center, it moves toward the 2 arc-mlnute (plus/minus i arc-mlnute) hole. When

the earth laser beacon image falls into the 2 arc-mlnute hol% the fine guidance
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system takes over. The light passes through a two-axis transfer lens and then

to an image divider. The image divider breaks up the light into left-right

and up-down signals which are sent to the corresponding left-right and up-down

motors of the two-axis transfer lens. The transfer lens moves to center the

image of the ground beacon onto the apex of the image divider prism. The

transfer lens servos are fast and precise; and the transfer lens motions com-

pensate for spacecraft or telescope motions about the line of sight. The image

of the ground laser beacon is thus stabilized in space.

Step i,. o T

With the telescope line of sight locked onto the earth beacon

through the fine guidance system, and with the sun seeker locked onto the sun,

the information is available to provide a rotational reference to the system.

The rotational reference can be generated by knowing the geometry between the

sun, the earth beacon, and the orbital parameters of the spacecraft. The point

ahead angle is computed on the earth and telemetered to the spacecraft. The

point ahead command is translated into differential rotations of the two Risley

prism servos to provide a point ahead deflection to the transmit lasers before

they enter the transfer lens.

Beacon

Apparent

I _ Beacon
_._ True

Receiver

LC_ __ Point Ahead

!
Vehicle

Beacon

Future

Position

Figure 7. Point Ahead Geometry

Step 15. TRANSMIT LASER LIGHT FROM THE SPACECRAFT

One of the two helium-neon lasers in the laser telescope is turned

on. The beam is modulated by the electro-optic crystal modulator with informa-

tion from a video source (for example, a vidicon camera could be used to feed
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analog video data to the PCM encoder which modulates the electro-optic modu-

lator)3 or spacecraft housekeeping data could be telemetered down from the

spacecraft. The laser beam leaves the modulator and goes through the Risley

prism point ahead assembly and the beam spoiling lens assembly before it

arrives at the transmit laser collimating lens. The laser light bundle is

formed into a parallel bundle by the collimating lens before it is reflected

off the dichroic beamsplitter. This element reflects the 6328_ light and

permits the ground laser beacon (4880_) to pass through it. The reflected

6328_ laser light then enters the two-axis transfer lens. This lens, which

has been stabilized by the fine guidance servos to the line of sight of the

earth argon laser beacon, transmits the laser light and effectively steers

the laser beam from the telescope exactly stabilized to the incoming laser

light from the earth beacon. This operation establishes the down-going laser

communication link from the spacecraft and completes the procedural steps for

the laser communication experiments. Data collection details are in Section 2.8.

Step 16. ASTRONAUT PARTICIPATION IN THE LASER C{P_JNICATION

EXPERIMENTS

The astronaut in an EVA mode can assist the Laser Communication

Experiment in the following areas:

• In the event of mechanical difficulty in the launch

mount uncaging operations_ the astronaut can assist

the equipment by guiding the Laser/Telescope struc-

ture away from the launch mounts and the LEM descent

stage structure.

• The astronaut can provide assistance in the sun acqui-

sition mode and function as a "sun sensor and orienter"

or as a "sun sensor" only by voice link back to the

Experiment Monitor Astronaut (in the LEM Life Cell).

• The astronaut can provide mechanical assistance in

opening the telescope cap.

• The astronaut can provide mechanical assistance during

the ground beacon acquisition mode (Step Number i0

above). He could either point the telescope himself

or could provide voice link commands to the Experiment

Monitor Astronaut.

Step 17. TELESCOPE MOTION EXPERII_NT (Refer back to Figure 4)

The laser coum_anication link as presently conceived_ would be able

to lock onto the earth laser beacon in the presence of spacecraft vibration

and motions induced into the telescope by attitude control system actuations.

This is accomplished by the two-axis transfer lens stabilizing the line of

sight to the earth laser beacon. Since the transmit laser light goes through
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this stabilizing element simultaneously, the transmit laser light from the

spacecraft will be stabilized in space and the earth receiver will be able

to receive the down-going beam in the presence of typical equipment vibra-

tions in the spaceborne structure. The astronaut can end a great deal of

speculation about the narrow beam pointing performance of the laser commun-

ication system by inducing vibrations himself by either holding the instru-

ment lightly or extremely tightly. The vibration and motion disturbances

induced into the Laser/Telescope during these operations can be monitored

and correlated with communication link performance.

Step 18. ASTRONAUT EARTH-VIEWING EXPERII_NT (Refer back to Figure i)

After the co_mmication link experiments are completed, and after

the vibration inducing operations of Step 17 above are completed_ the astronaut

can go to the Astronaut's Grab Bracket on the exterior of the Laser/Telescope.

At this location, he can remove the viewing port covers of the telescope struc-

ture, attach auxiliary optical eyepieces into the space provided and look

through the telescope in a short focal length (1-degree field of view) or a

long focal length (2 arc-mlnute field of view). He can conduct ground feature

recognition experiments in cooperation with personnel at the ground station

since his line of sight will be stabilized by the laser communication experi-

ments guidance equipment. When viewing in the 1-degree FOV rood% the instru-

ment is stabilized to plus/minus 10 arc-seconds. When viewing the earth in

the long focal length configuration (f/70)I the instrument is stabilized to

0.i arc-second. Both viewing operations are conducted with the spacecraft

helium-neon laser turned off, but with the earth laser beacon turned on. It

would therefore be necessary to provide the astronaut with an optional 4880_

rejection filter so that he is able to distinguish features of the landscape

without being overpowered by the intensity of the earth beacon. An auxiliary

photographic system can simultaneously take photog'raphs of what the astronaut

observes. (The astronaut would take the films b_ck into the command module

for his earth return.) Also 3 if desired, an auxiliary TV camera can be in-

corporated into the external optical package attached to the Laser/Telescope

by the astronaut. Real-time television could be sent down to the ground sta-

tion at the same time the Laser/Telescope is guiding on the ground station

beacon. The real-time TV signals would be coded by the PCM coder and these

signals_ in turn 3 would modulate the laser output.
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2.3 FUNCTIONAL DISCUSSION OF THE LCSE LASER/TELESCOPE

The 18 procedural steps for the conduct of the proposed experiments

which are described in Section 2.2 are accommodated by the block diagram of

Figure 8. This block diagram shows the interrelatlonsBip between the key com-

ponents of the optical communicator of the LCSE. The interfaces between the

communicator and the LEM are:

• command decoder

• video signal for the optical PCH/PL link

• telemetry encoder for the diagnostic equipment.

The power and attitude control interfaces between the LEN and the LCSE are not

shown in this figure. The dashed and dotted lines on the drawing show the path

of the helium-neon laser output and the argon beacon input_ respectively.

AUTOMATIC CHANNEL ALIGNMENT

After the LCSE has outgassed for 2 days (Step 5 of the Experiment

Procedure)3 and before the functional operations of the laser coB..unicatlon

experiments (Step 6 of the Experiment Procedure is the start of acquisition

operations)_ the transmit and receive channels of the Laser/Telescope must be

aligned with each other.

Temperature variations in the telescope tube wall and bulkheads will

introduce align_nent errors between the transmit (He-Ne) and the receive (argon

beacon) channels. Also 3 continuous operation of the Risley prisms to compensate

for the point ahead and telescope roll may introduce a bias error into the

Risley prism actuator. The output of the position monitor on the Risley prism

is telemetered to earth and compared with the value obtained from the monitor

during the initial aligr-.ent. If this value is larger than expected_ additional

measurements will be made to determine the origin of the bias angular offset
error.

For the conditions of zero point ahead 3 the apex of the image

dividing prism in the receive channel must be conjugate with the focal point

of the transmit laser. The technique that is utilized in the LCSE is based

on laboratory work and procedures developed during the Laser/Optlcs Techniques

Project (NAS8-20115).. The two problems of using a common telescope for both

the transmitter and beacon receiver are channel separation and aligmnent. The

work on the Laser/Optics Techniques Project has demonstrated a method of

achieving the required channel separation (in excess of I00 db)_ and a technique

for utilizing the fine guidance system for alignment of the channels. A cube-

corner prism is located behind the main beamsplltter in llne with the laser

transmitter incident beam. Refer back to Figure 6 on page 21. In normal

operation the cube-corner prism is covered by a shutter and the small but

finite amount of transmitter beam passed by the beamsplitter is lost from the

system. When the system is in this alignment mode of operatlon_ the fast
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shutter and telescope cap are closed to block the ground beacon and other

background light, and the shutter in front of the cube-corner prism is opened

to reflect the small amount of transmitter light back into the receiver channel.

This reflected light impinges on the four quadrant pointing error sensor. The

signals from the four photomultipliers in the error sensor are used to servo

the Risley prisms so that the image of the transmitter laser is located pre-

cisely at the apex of the four quadrant divider. After the correction has been

mad% the alignment control electronics automatically close the shutter in

front of the cube-corner prism, and open the shutter behind the primary mirror.

The time sequence and systems interplay of this channel alignment

function are shown in Figure 9.

GROUND BEACON ACQUISITION

The definition of beacon acquisition includes the series of space-

craft maneuvers necessary to orient the satellite so that the diffraction-

limited image of the ground beacon lies within the 2 arc-minute field of view

of the fine guidance system. This acquisition can be divided into two stages:

Sta_e i - Obtaining the image of the earth beacon laser within the l-

degree field of view of the coarse guidance system. This

is accomplished by a series of spacecraft maneuvers orig-

inating from the ground utilizing the sun as a unique star

for guidance and developing spacecraft information from the

LCSE Sun Tracker and Sun Indicators.

Stage 2 - After the earth beacon image is within the 1-degree field

of view of the telescop% up-down and left-right commands

originating in the coarse guidance electronics drive the

image into the 2 arc-minutelfield of view of the fine guidance

package by pointing the entire telescope with the ATM yaw

and pitch servoso

The Stage I operations are controlled from the ground while the

sequences of Stage 2 operations are controlled by the LCSE and will be described

by the functional diagram of the LCSE subsystem used in coarse guidance.

The acquisitlon technique (Steps 6 through ii on Page 19 ) consists

of establishing the sun line at the satellite and offsetting the telescope's

line of sight from this sun line by a specific angle which is telemetered to

the LCSE from the earth station. The spacecraft then rolls about the sun line

until the earth laser beacon appears in the 1-degree field of view of the

coarse guidance system. Ground computer calculations using orbital data and

earth-sun geometry are used to compute the offset angle to the sun lineo To

help distinguish the ground beacon from earthshine in both acquisition and

tracking operations_ the beacon will be modulated with a characteristic sig-

nature. During the station _ransfer experlment_ each ground station laser will

be modulated with a different signature.
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The numbered lines represent information paths and are as follows:

(I) Initiate alignment mode from

command decoder to alignment

control electronics.

(2) Shutter close signal from align-

ment control electronics to

primary shutter actuator.

(3) Shutter open signal from slignr

ment control electronics to cube

corner shutter actuator.

(4) Error signal from pointing error

sensor_ proportional to offset of

image of transmitter from apex of

four quadrant divlder 3 to align-

ment control electronlcs.

Cube

Corner

Reflector

(5) Computed correction to Risley prisms

from alignment control electronics

to Risley prisms actuator.*

(6) Shutter close signal from alignment

control electronics to cube corner

shutter actuator.

(7) Shutter open signal from alignment

control electronics to primary shutter

actuator.

(8) Telemetry of completed function from

alignment control electronics to

telemetry electronics.

Figure 9. Functional DiagE_m of System Alignment

* Items 4 and 6 above represent a closed loop servo system and 5 and 6 change to drive

4 to zero. When 4 reaches s predetermined small value_ the system proceeds to 7.
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After completion and verification of Stage i operations of the

coarse acquisition, the coarse guidance subsystem of the LCSE takes over to

accomplish Stage 2 operations. This Becond stage of the acquisition operation

is performed automatically and is controlled by the coarse guidance electronics

in the satellite. Figure i0 is a functional diagram of the system and shows

the information paths for the coarse guidance functional blocks.

Upon completion of the acquisition operations_ beacon fine tracking

operations take place. The fine guidance system has provisions to keep the

beacon within a 2 arc-minute field of view. Acquisition mode sequences do not

occur again until after a shutdown or loss of the ground beacon. Before ex-

amining the fine guidance tracking operation_ the in-flight focusing sequence
will be considered since it occurs next in the operational sequence of the

satellit% and proper focus is necessary for the 0.i arc-second tracking ex-

periment.

IN-FLIGHT FOCUSING OF THE SECONDARY MIRROR

To maintain diffraction-limited performance of the optical system

after launch, it is necessary to focus the system by adjusting the secondary
mirror while tracking the 4880_ earth laser beacon. This is necessary be-

cause of the small tolerance allowable on the primary-secondary spacing° A

displacement of 10 -4 inches significantly reduces the performance of the tele-

scope. The method employed in this subsystem involves the utilization of the

ground beacon as a source and dithering the movable transfer lens. As the

transfer lens is dithered_ the fine tracking guidance system will automatically

respond with a correction signal to the transfer lens which tends to cancel

the dither. As this is being don% the secondary mirror is moved in and out

by a servo motor. At the point of sharpest focus of the secondary_ the dis-

placement response of the fine tracking system will be maximum for a fixed

dither amplitude. By adjusting the secondary to maximize this response the

proper focus will be accomplished.

Figure Ii is a functional diagram of the in-flight focusing sub-

system showing the information flow paths during operation. Note that this

function_ like alignment_ is accomplished by a closed loop servo system which

is inherently free of zero offset errors.

I

I

I

I

I
0.i ARC-SECOND TRACKING OF THE EARTH LASER BEACON

Tracking the earth laser beacon to a fraction of an arc-second is

necessary for deep space laser communications. The approach selected for the

LCSE is the technique demonstrated in the laboratory at Perkin-Elmer in the

Laser/Optics Techniques Project. The guidance system uses a four quadrant

image divider to generate tracking error signals which are used to servo con-

trol a small and special optical element. This optical element, the transfer

len% is conunon to both the receiver and transmitter beams. In this system 3
the movable transfer lens has independent x and y motions and is located before

the beamsplitter. As the telescope structure or primary vibrates, the transfer

I

I

I

I
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! Figure 10. Functional Diagram for Coarse Guidance Acquisition
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lens is controlled to keep the diffraction-llmlted image on the apex of the

four quadrant divider prism of the fine guidance s_stem. The characteristics
of this servo system have been reported elsewhere, but the functional re-

lationships of the components will be discussed here. Position sensors on the

transfer lens generate signals which activate the ATMpolntlng control system

in pitch and yaw to keep the lens operating in the general vicinity of its

zero position.

By introducing the appropriate point ahead into the transmitted

laser beam, t_he transmit laser beam can be pointed to the ground telescope
on earth to demonstrate communication over dlffractlon-llmited laser beams of

fractional arc-second width. The accuracy which will be achieved with this

tracking system is far better than necessary for near earth satellite com-

munications where beam divergences can be large. However, for optical commun-

ication at interplanetary distances where beam divergence must be small, point-

ing (or tracking) to this precision is mandatory. Figure 12 is a functional

diagram of the tracking (fine guidance) system.

I

I
I

I

I
I

'1i
i

POLN_ AHEAD

With the system telescope tracking the receiver beacon, only one

function remains in establishing the optical link. To compensate for Bradley

effects which cause appreciable pointing errors the transmitter beam must point

at some point ahead angle, _3 ahead of the line of sight of the beacon. How-

ever, 8p and the line of sight are not sufficient to specify a direction in
space. The third piece of data needed to uniquely determine the direction in

which the transmitter beam should be pointed is the rotational angle reference

about the line of sight (RLOS) towards the beacon. A ground-based computer,

can calculate the angles _ and _ (indicated in Figure 13) that are necessary
for point ahead. The geometry of the earth laser beacon and the orbital

parameters of the satellite (and the sun and the earth) are all known on earth.

Therefore, the point ahead angle can be computed and telemetered to the space-
craft.

If the orbit is a synchronous equatorial orbit and the reference

target for _ is a star at one of the celestial poles_ then the point ahead

angle is fixed and there are no earth computer requirements. However, since

the sun is chosen as the ELOS reference, and at synchronous altitude the sun

moves with respect to the spacecraft at 15 arc-seconds per second of time I
the Risley prism servos will constantly be moving.

I

I

I *Laser/Optics Techniques, Perkln-Elmer Report No. 8387, June 1966.
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(6)
TM

The information paths are:

(1)

(5)

Photosensor

AGC

Loop

I Four Quadrant

(i) _ Pointing Error

Sensor

Fine Guidance

Electronics

Error signal derived from four

quadrant image divider and

photomultipliers.

(2) Correction signal derived in fine

guidance electronics applied to

transfer lens.

(3) Signal from transfer lens pro-

portional to position used to

keep lens centered by servoing
the ATM.

(4) Rate stabilization signal used

to apply feedback in servo loop.

(5) Phototube stabilization signal.

(6) Phototube status TM.

(7) Field closure signal from fine

guidance electronics to adjusta-

ble field stop.

Figure 12.
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I
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l
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Functional Diagram of Fine Guidance System

36

I

I

I

I

I

I

I

I

I

I

I



' PERKIN-ELMER Report No. 8399

Tangential Velocity of

_-= _ Satellite (5950 n.m./hour)

Spacecraft

I

I

I

I

I

I

I

I

I

Sun

Id.ne

Sun

Ground

Laser Beacon

Figure 13.

RLOS_

LCSE

Point AheadAngle at Synchronous

Orbit = 3.58 Arc Seconds

Required Transmitter

Pointing Direction

Earth

\

Tangential Velocity of
1 Earth Receiver (900 n.m./hour)

Geometry for LCSE Point Ahead Function

The problem of pointing separates into two functions. The first

is determining a reference direction about the llne of sight of the beacon

(RLOS), and the second is transmitting the Qp and _ commands from the ground
based computer into precise changes in the transmitted beam direction.

RLOS are :
At synchronous altitude, four optical techniques for establishing

• using a sun tracker,

• star tracker,

• laser polarization sensing,

• and moire fringes.

Since it requires no additional hardware, the sun tracker is the most efficient

and will be used to determine the RLOS. While tracking the ground beacon, the

spacecraft attitude control system will introduce a roll about the line of

sight of the beacon until the sun is acquired by the sun tracker. The offset

angle, _3 between the llne of sight of the beacon and the direction of the

Previously analyzed in Report No. 8387, .Loc. Cir.
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!

sun is computed on the ground from orbital data and telemetered to the satel-

lite. The sun is now the reference from which # is measured while Op is meas-
ured from the line of sight of the beacon. Now that the coordinate system has

been established, the Gp and _ commands are sent to the satellite via the micro-

wave link. Both 0p and _ are slowly varying functions of time and the point
ahead is periodically updated.

There are various ways of achieving the precise beam deflections

necessary to perform point ahead. The one selected for the LCSE consists of

servo actuated Risley prisms. This choice was made on the basis of simplic-

ity and reliability and because the prism assembly requires no power to main-

tain a constant point ahead. The point ahead electronics receive the 8p and
commands and translate them into rotations of the prism by the required-amount.

Figure 14 is a functional diagram for the point ahead system.

BEAM SPOILING

The nominal diffraction-limited 3 db beamwidth of the 16-inch

primary of the LCSE is 0.4 arc-second. This narrow beamwidth requires both

accurate tracking and precise point ahead capability of the communicator optics.

As a backup system for LCSE the point ahead can be eliminated by 4 arc-second

beam spoiling. This reduces the energy density on earth. Since the system

operates with a 20 db margin_ communications are still possible with a i0:i

increase in the divergence to 4 arc-seconds.

TRANSMISSION OF 106 BITS/SEC OVER DIFFRACTION-

LIMITED OPTICAL LINK

With the completion of the point ahead functions and the establish-

ment of the optical link_ high data transmission of digital information (106

bits/sec) from the onboard signal sources is used to collect engineering data

on space optical communications. This operation constitutes one of the most

important aspects of the flight.

To evaluate the 106 bits/sec 3 data rate conlnunications verifica-

tion of the received beam on earth is telemetered to the satellite. This is

in the form of a series of commands which activate the PCM/PL modulator and

the data handling electronics. The data is generated initially by the test

signal generator and is not from an external input to the system. While the

test data is being transmitted the laser output power and other diagnostic

data are monitored and telemetered to earth. This enables a comparison be-

tween the calculated and the received signal-to-noise ratios.

Figure 15 is a functional diagram of the data handling chain.
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Risley Prism
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_(7) Bp

Transmit

Risley Prism Beam
Assembly

The information flow paths are as follows:

(i) Command to star tracker from command decoder.

(2) RLOS command to point ahead control electronics.

(3) Roll about beacon line of sight signal from point

ahead electronics to satellite attitude control.

i Stop signal upon acquisition from star(4) roll

tracker to attitude control. Star tracker

now sends signals to attitude control to hold

I satellite RLOS.
(5) RLOS reference signal from star tracker to point

ahead electronics.

(7) lisley prisms rotation angle signals to prism P

servos.

i (8) _pl _ telemetry.

He-Ne

i Beam

TM I
Beamsplitter

Figure 14. Functional Diagram of Point Ahead System
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TM

Laser
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I
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3
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Circuits
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Optics

KDP
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The information flow is as follows:

(I) Ground command to turn on one of the He-Ne lasers.

(2) Ground command to turn on test signal generator.

(3) Ground command to turn on PCM/PL encoder and modulator driver circuits.

(4) Telemetry of transmitter power from power monitor in center of secondary mirror.

Figure 15. Functional Diagram of Data Handling System

4O



I
I

I
I

I
I

I
I
I

I
I
I

I

I
I

I
I

PERKIN-EI-MER Report No. 8399

TRANSMISSION OF LIVE 106 AND 107 BITS/SEC DATA

After collecting the engineering data on the 106 bits/sec optical

channel utilizing data from the test signal generatorj the satellite will

be available for the transmission of wideband live data. An input will be

available for accepting analog video input or other analog information° This

data will be sampled and digitized by the encoder. The increase in data rate

by a factor of I0 is accompanied by a corresponding increase in power consump-
tion of the LCSE from 85 watts to 130 watts. It is for this reason that 107

bits/sec transmission is not recommended for long periods of time.

The communicator satellite will be provided with an external con-

nection whereby the astronaut can plug in a Vidicon or other source of live

data. Provision is also made to switch the data handling system to internal

mode of operation so that spacecraft housekeeping data can be telemetered to

earth on the laser beam.

DEEP SPACE SI}gJLATION OF STATION TRANSFER

This experiment is included in the communicator satellite to mea-

sure the capability of the system to transfer the transmitted beam from one

ground station to another without repeating the initial acquisition functions.

The necessity for this capability arises from the occultion of the earth sta-

tion to a deep space vehicle by either earth rotation or cloud cover. It is

clear that in the deep space case where ranges are in the 108 mile category,

that the transit time or Bradley aberrations for the two earth stations

(estimated separation _ 4000 miles) are approximately the same. To simulate

a deep space mission, station transfer will be accomplished between two earth

beacons separated in angle (measured from the synchronous satellite) by an

amount which corresponds to the angle for earth beacon separation ( _ 4000

miles) for a deep space payload. This angular separation is approximately

8 arc-seconds or a station separation of about 4500 feet for a satellite at

synchronous attitude.

The angular separation of both earth stations is small enough so

that both will be within the field of view of the fine guidance system. Each

ground station will have its own characteristic modulation. To accomplish

station transfer when both beacon images are incident on the four quadrant

image divider, a ground command to the fine guidance electronics switches

between electrical filters which pass each one of the two signature modula-

tions. As long as this switching occurs in a time that is short compared to

the time for the spacecraft attitude to change sufficiently to shift the

beacon images out of the two arc-minute field of view of the fine guidance

system, transfer is accomplished without the loss of beacon acquisition.

An alternate procedure is to sequentially extinguish one beacon

and turn on the second beacon. For this procedure, both beacons will have
the same characteristic modulation. This technique has the disadvantage

that track may be lost during the station transfer.
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The operational sequences necessary to accomplish station transfer

are as follows:

(i)

(2)

Fine guidance system is tracking station A with

signature modulation of frequency FA.

Station B with signature modulation of frequency

FB is received and its image is in the field of

view of the fine guidance system.

(3) Circuitry in fine guidance package responds to

presence of a photomultiplier signal of frequency

FB while tracking signal at FA, and telemeters

confirmation over microwave link.

(4) Command to switch tracking from signal at fre-

quency FA to signal at frequency FB.

(5) Upon receiving command to switch to FB_ the

fine guidance package checks for the presence

of a signal at FB and switches the necessary

electronics filters. If a command is received

to switch to a signal at a new frequency_ the

system will ignore the command unless that

signal frequency is present in the fine guidance

photomultipliers.

(6) The switching of the tracking frequency is tele-

metered to the earth station.

A functional diagram of the station transfer experiment is shown

in Figure 16.

POINT AHEAD SIMULATION OF DEEP SPACE COMMUNICATION LINK

For a 108 miles co_nunication link 3 transit time is of the order

of 7-1/2 minutes one way and transit time aberrations become large enough to

require point ahead by as much as 36 arc-seconds. This experiment is to measure

point ahead precision of this magnitude while maintaining an accuracy of

0.i arc-second. This will require a ground receiver located approximately

3.2 miles ahead of the beacon. The apparatus to accomplish this is included

in the spacecraft optical system 3 and the Risley prism subsystem is designed

to have a sufficient point ahead range to accomplish this deep space simula-

tion.
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The information paths are as follows:

(i) F B from photomultipliers to station
transfer control electronics.

(2) F_ present signal to telemetry.
(3) S_itch from F to F command from

decoder to st_tim _ransfer control.

(4) Signal to switch filters in fine

guidance electronics from F to F .

(5) Verification of completed s_ation B

transfer from control electronics to

telemetry.
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Figure 16. Functlonal Diagram of Station Transfer Experiment
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2.4 APOLLO SPACECRAFT MODIFICATIONS FOR THE LCSE

The required spacecraft modifications are assumed to be the re-

sponsibility of the Apollo Applications Payload Integration Contractor. The

modifications are listed below, but the costs required to make the changes

are not included in the cost estimates which are presented elsewhere in this

report.

POWER SYSTEM

The existing fuel cell system is to be modified to provide power

at the 3 month and 6 month operating periods. It is assumed that supplementary

solar cells and storage batteries will be used if the present fuel cells can-

not accommodate the requested 130watt load for 8 days (during the first 14

days of the flight)3 85 watts for 3 days at the end of 3 months 3 and 85 watts

for 8 days at the end of 6 months. The total energy requirement for the exper-

iments (laser communication and earth viewing) is estimated at 45,000 watt-

hours. This power level of 85 watts is exclusive of the microwave comm_ica-

tio_attitude contro_ and housekeeping power needed by LEM. The above comments

apply to the Basic AAP Concept as shown in Figure I. A summary of the LEM power

required for the five concepts is listed below:

Electrical Electrical Concept

Concept Power Load Energy Requirement lllustrated

Basic AAP

Autonomous Vehicle

Pallet

Autonomous plus

Boom/Gimbal

Integrated LEM

85 watts

50 watts

85 watts

85 watts

85 watts

45,000 watt hours

200 watt hours

30,000 watt hours

303000 watt hours

45,000 watt hours

Figure I

Figure 2

Figure 3

Figure 4

Figure 5

REACTION CONTROL SUBSYSTEM AND LEMGUIDANCE CC_UTER

The LgMRCS is to be augmented with additional propellants and

pressurization gases to provide the attitude control for the LCSE. The RCS

will provide the coarse pointing of the spacecraft during the initial earth

laser beacon acquisition operations. The RCS will keep the spacecraft ori-

ented within the gimbal limits or ATM angular travel limits as well. During

this latter operation, since the telescope cap will be open_ it is desired

thatthe RCS use only cold gas jets for attitude control. At this point in

time_ the deposition hazard from the hot gas RCS to the Laser/Telescope optics

is not known. However_ according to some reports 3 the Gemini flight observa-

tion windows were covered with residue from the plumes of rocket motors.
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The LCSE will generate the fine pointing error signals needed for

the RCS. In four of the five concepts (the Autonomous Vehicle Concept is the

exception) boom/gimbal systems or the ATM are used in operational modes. The

Guidance Computer should be modified to accormnodate a requirement of the ex-

periments that the spacecraft have pitch and yaw motions about the center of

rotation of the telescope_ as contrasted with the center of mass of the com-

bined system.

APOLLO MICROWAVE COMMUNICATION SYSTEM

The ApolIo-LEM 2.3 Gc data link has the capability to transmit

51.2 kbps of data over a 210_000 mile range with an output power of 20 watts

and using a 2 foot vehicle antenna and an 85 foot ground antenna. Decreasing

range to a synchronous altitude results in a 19.2 db power excess. Decreasing

power output from 20 watts to 0.75 watt_ by deleting the power amplifier and

using only the solid state exciter output_ will decrease the power excess to

4.9 db. Decreasing the antenna size to 1.2 feet will bring the excess to zero.

If a 30 foot ground antenna were used_ the ApolIo-LEM S-band system with the

0.75 watt exciter would handle 20 kbps instead of the 51.2 kbps.

The microwave telemetry required for the LCSE totals about 1.5

kbps when time is shared between the operational_ status and diagnostic chan-

nels. The list of the signals for each channel follows:

lo

2.

3.

4.

5.

6.

7.

8.

9.

i0.

ii.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Operational Diagnostic Telemetry

Laser Power Output

Coarse PMT Difference Output in Up-Down

Coarse PMT Difference output in Left-Right

Fine PMT Difference output in Up-Down

Fine PMT Difference Output in Left-Right

Coarse PMT Summation of all 4 outputs

Fine PMT Summation of all 4 outputs
Transfer Lens X Position

Transfer Lens Y Position

ATM Pitch Angle

ATM Yaw Angle

Spacecraft Pitch Angle

Spacecraft Yaw Angle

Spacecraft Roll Angle

Sun Seeker Offset Angle (Gimbal)

Sun Seeker Cross Offset Angle (Gimbal)

Sun Seeker Sensor Output Signal
Sun Indicator #i

Sun Indicator #2

Sun Indicator #3

Sun Indicator #4

Sun Indicator #5

Sun Indicator #6
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24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44. -49.

50.

51.-53.

54.

55.

56 .-65.

66 .-67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79. -86.

87 .-94.
95.

96.

97.

98.

99.

Sun Indicator #7

Sun Indicator _:
Sun Indicator

Sun Indicator i0

RisleyPrismServo_ Angle
Risiey Prism Servo Angle
Astronaut ATMPitch Command

Astronaut ATMYaw Command

Astronaut Spacecraft Roll Command

Astronaut Voice Monitors

Operational Status Telemetry

Laser #1 On

Laser #2 On

KDP Modulator _I On

KDP Modulator #2 On

Beam Spoiler Location

Alignment Shutter Location

Astronaut Folding Beamsplitter (Fine Guidance Path) Location

Astronaut Folding Beamsplitter (Coarse Guidance Path) Location

Primary Mirror Caging Sensor

Fast Shutter Status

Silica Rod End Status (3 Rods)

Secondary Focus Control

Secondary Launch Isolator Cage Status

Telescope Cap Status

Telescope Cap Angle

Programmer Status
PCMEncoder Status

Fine Guidance Servo Loop Gain
ATMGimbal Lock Status Pitch

ATMGimbal Lock Status Yaw

Diagnostic Status Telemetry

Laser #i Power Supply Voltage

Laser _2 Power Supply Voltage

KDP _i Modulator Temperature

_DP _2 Modulator Temperature

Risley Prism Servo Power Supply Voltage (_1)

Risley Prism Servo Power Supply Voltage (_2)

Risley Prism Servo 31 Error Voltage
Servo ErrorRisley Prism 32 Voltage

PME_I through _8 Tube Currents

Transfer Lens Error Voltage X-axis

Transfer Lens Error Voltage Y-axis

Transfer Lens X-axis Displacement Signal

Transfer Lens Y-axls Displacement Signal

Transfer Lens Displacement Sensor Power Supply Voltage
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I00.

i01.

102.

103.

104.-i07.

108.

109.

ii0.

Iii .-120.

121.

122.

123.

124.

125.

126.

127.

128.

Primary Temperature

Secondary Temperature

Structure Temperature

Behind the Mirror Structure Temperature

Launch Accelerometer Readouts (4)

Sun Seeker Power Supply Voltage

Sun Seeker Servo Error Voltage - Offset Gimbal

Sun Seeker Servo Error Voltage - Cross Offset Gimbal

Electronic Boxes Temperatures

Risley Prism Servo Assembly Pressure

Sun Seeker Assembly Pressure

Secondary Focus Assembly Pressure

Sun Shade Mechanism Assembly Pressure

Beam Spoiler Mechanism Assembly Pressure

Fast Shutter Mechanism Assembly Pressure

Launch Mount and Attenuator Status

Launch Mount and Attenuator G Indicator

MECHANICAL, STRUCTURAL AND ELECTRICAL MODIFICATIONS
TO THE APOLLO SPACECRAFT

Basic AAP Concept _Fi_ure i)

The LEM descent structure would require appropriate modifications

to accommodate the ATM.* In addition 3 the launch mounting clamps which soft

mount the Laser/Telescope and the folded ATM during launch must be attached to

the inside of the LEM descent structure. Inside the LEMj provisions must be

made to mount the Laser Communication Satellite Experiment Monitor (and control)

Station. Hard line electrical interconnections exist between the LCSE and LEM

during all operational modes.

Autonomous Vehicle Concept (Figure 2)

The modifications are similar to the ones described above for the

Basic AAP Concept except that there are no provisions to mount the ATM (it is

not used) and there are no provisions for hard line electrical interconnections

between the LCSE and the LEM during checkout and operation. Local RF link TM

would be needed.

Pallet Concept (Figure 3)

The pallet area of the Service Module must be modified to provide

the soft launch mounts for the equipment and the necessary hard llne electri-

cal interconnections to power and control the Laser/Telescope. The Laser

Cou_unicatlons Satellite Experiment Monitor Statlonmust be mounted inside the

Command Module in this configuration.

*ATM or equivalent LCSE Mission Boom and Gimbals.
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Autonomous Spacecraft Separable From Boom and

Gimbal Concept (Figure 4)

The modifications for this concept are identical to those required

for the Basic AAP Concept except that attitude control signals and electrical

power for the LCSE will not originate in the LEM. However 3 for this concept 3

the LCSE Monitor Station will be more elaborate than the Basic AAP Concept

since the check-out functions will include check out of the LCSE attitude

control system 3 power supplies and collectors and the microwave communication

system,

Integrated LEM Concept (Figure 57

Extensive modifications will be required in the LEM descent struc-

ture to mount the LCSE gimbals 3 laser telescope and the soft mounts for launch.

The Monitor Station is located inside LEM as in the Basic AAP Concept and con-

sequently the hardline electrical modifications will be similar to the ones

previously indicated.
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2.5 THE SPACE-TO-EARTH COMMUNICATION LINK EXPERIMENTS

In this section, calculations of the expected power requirements for

the space-to-earth communication link are presented. The specifications for the

various components in the optical path are listed in Table IV along with source

references, where applicable. The calculations assume worst case conditions.

That is, under the expected operating environment, the average signal level will

not decrease below the signal level derived in this section. The assumptions
used for the worst case link included:

• Daytime operation (no clouds)

• Earth receiver tracking 60 degrees from the zenith

• Data rate of 106 bits per second (equivalent

analog bandwidth of _ 105 cps)

• Bit error rate less than 0.001

• . Large atmospheric turbulance

• All components are current state of the art

• Transmit power safety factor in excess of 20 db

• Laser source of 3.0 milliwatt in TEMoa mode.

The calculations in the next section indicate that a PCM/PL synchro-

nous satellite-to-earth link_ under the assumed conditions above 3 is feasible.

To determine the sensitivity of the maximum obtainable data rate

with a variation of a given system parameter, a series of graphs are plotted

with coordinates of data rate versus the system parameter being investigated.

These graphs verify the importance of the 0.i arc-second pointing requirements

and the requirement of diffraction-limited optics.

The definition of the optical communicator freezes many of the sys-

tem parameters. However, further analysis was required to determine some of

the other parameters needed for the link calculations. This section will discuss

the limiting factors which determine the value of these parameters.

RECEIVER FIELD OF VIEW,

The value of the receiver field of view (_) will be determined by

the limiting aperture in the earth-based optical system. The communicator

receiver on earth will have an iris that will limit the background radiation.

Ideally, the iris could be reduced to less than an arc-second without a re-

duction in the signal power. However, the uncertainty caused by atmospherics

and the telescope vibrations will determine the practical limitation for the
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TABLE IV

SPACE-TO-EARTH COMMUNICATION LINK

VARIABLE

Range

Wavelength

Transmitter Optical

Power

Transmitter Beam Divergence

1.2 k/D

Diameter of Transmitter

Aperture

Receiver Field of View

Atmospheric Transmission

Transmitter Optical System

Transmission

Receiver Optical System

Transmission

Diffraction Loss

Prediction Optical

Filter Transmission

Diameter Receiver

Aperture

Blue Sky Background

Average Star Field

Venus

Scintillation

Receiver PMT @ -70°C

(RCA 7265)

PMT Quantum Efficiency

Safety Factor

Speed of Light

Data Rate

Planck's Constant

SYMBOL

R

k

P
s

D

P

T A

TOT

TOR

TD

T F

d

PB

PF

P
v

T
s

P
P

M

c

C

h

VALUE

21_500

34,060

0.6328

0.0030

2x10 -6

0.4

16

40

9.7xi0 -5

20

0.70

0.33

0.75

0.5

0.40

24

61

2 x 10 -3

5 x i0 -I0

2 x I0 -I0

0.4

2 x 10 -15

0.05

llO

3 x 108

106

6.62 x 10 -34

UNITS

miles

Km.

microns

watts

radians

arc-seconds

inches

centimeters

radians

arc-seconds

60 ° from

zenith

inches

centimeters

watts

cm 2- ster-_

watts

cm2-ster-_

watts

cm 2 -

watts

m/sec

bits per

see

joule-sec

REFERENCE OR

COMMENT

Receiver viewing 60 °

to zenith

Measured at laser

output

Table 3-1 NASA CR-252

For filter bandwidth

&B = I.SA

Table 3-5

NASA CR-252

Table 3-5

NASA CR-252

Figure 7-16

NASA 0R-252

Radiant input

power equivalent

Conservative Value
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field of view. The value of 20 arc-seconds is quite conservative for a 24-inch

ground telescope and really reflects the receiver FOV that can be obtained with

the 10-meter aperture need for a deep space link. However, the use of a much

smaller field of view or the use of an image dissector tube will not signifi-

cantly increase the obtainable data rate because the link is very close to

quantum noise limited.

TRANSMITTER OPTICAL SYSTEM TRANSMISSION, TOT

Losses in the transmitter optics can be attributed to the 20% ob-

scuration of the secondary mirror, I0 air-glass interfaces, the truncation

of the gaussian intensity distribution output from the laser, and the reflectivity

of the primary and secondary mirrors. The pointing requirements of the optical

communicator dictate that the output of the laser must be in the TEM mode.

Thus, the spatial intensity distribution across the laser output will°°be approxi-
mately gaussian.

Preliminary calculations indicate that both the central obscuration

and the truncation of the gaussian will introduce losses of at least 0.5. Methods

are available for mapping the gaussian intensity distribution into a more opti-

mum distribution.* Since the efficiency of the laser radiation is always of

concern, the special mapping optics will be included in the optical design

work of the LCSE. Thus, the value of TOT = 0.33 is a consezvative estimate of

the losses in the transmitter optics. The use of antlreflective coatings plus

the referenced mapping techniques can increase TOT to 0.66. However, after 6

months in space there will be some degradation of the optical reflectance and

the dielectric coatings. For this reason, the 0.66 value was reduced to 0.33
for the calculations.

I
I
i
I

RECEIVER OPTICAL SYSTEM TRANSMISSION, TOR

The wavefront impinging on the earth receiver will have a uniform

average intensity across the aperture.** Thus, the energy loss resulting from

the secondary obscuration will be approximately 20% if a cassegrain telescope
is used at the receiver. The losses from the silvered mirror surfaces and the

air-glass interfaces will not introduce significant additional losses. Thus,

the value TOR = 0.75 is reasonable for the optical losses at the receiver.

DIFFRACTION LOSS, T D

The far field pattern of an unobscured circular aperture is the

classical Airy pattern. As discussed previously, both secondary obscura-

tions and the nonuniform illumination of the transmitter aperture will distort

*"Laser Light Redistribution in Illuminating Optical Signal Processing Systems",

J. L. Kreuzer, Optical and Electro-Optical Information Processing.

**MIT Press 1965.

This statement assumes the effects of atmospherics will be small.
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the far field distribution on the earth. Both effects will decrease the width

of the central maximum in the far field and will increase the energy contained

in the "side lobes" of the diffraction pattern. The energy contained outside

the half power point of the far field pattern of the ideal uniformly illuminated

aperture* is 0.4. Thus_ a value of TD = 0.5 will be expected as the loss in the

far field at the optical system due to diffraction effects. No techniques are

available for significantly reducing this system loss.

COMMUNICATIONS LINK CALCULATIONS

Equation (i) states the average number of signal photoelectrons

detected during a bit interval.

S = __d_r_)/"d _2 x kPs13hcC/_ x TDTATOTTOR_F?S _ counts/bit
(i)

_ratio of receiver and A _conversion of optical_ fsystem j= \illuminated areas j x k,power to counts/bit y X_efficiencie

Equation (2) states the average number of noise photoelectrons (N)

detected during a bit interval.

_d 2

+ _ TF

'f _d2 _F TA>}+<'A+
(2)

= fconversion to_ rfnoise of both phototubes+average_ /Venus and Sirius A_ __counts/bit _blue sky and star background i/ k,"p0int sources". !

The variables in Equations (i) and (2) are defined in Table IV.

Under normal daytime operation, the blue sky background noise power,

Np, will limit the optical communication link. Neglecting Pp, PA, PF, Pv, sub-
stitution of the values of Table IV into Equation (2) yields

N

.6328 x 10 -6 x 5 x 10 -2

6.625 x 10 -34 x 3 x 108x 106

F 61 _2 f _ 9 7 x I0L 2 x io-3 T/ \ "

x 1.5 x 10 -4 x .75 x .40
(3)

N = 3 noise counts/bit (blue sky)

Born and Wolf, Principles of Optics, Macmillan, New York (1964) p. 398.
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The noise count resulting from the phototube dark current_ Venus

at conjunction_ and the star_ Sirius A_ will now be computed. Substitution of

the values of Table IV into Equation (2) yields the average noise count per

bit listed below:

N

N =

0.7 from Sirius A

17 from Venus at conjunction

0 from phototube dark current

Noting the large safety factor for the proposed link_ the optical

communication system will still operate even when a star or planet is in the

field of view of the receiver telescope.

Figure 17 shows the required signal count for a system with a

given background noise and bit error rate. The derivation of these error rate

curves for PCM/PL assume that both the signal and noise photoelectrons are

Poisson distributed. Note that as the noise approaches zero_ the signal count

approaches a minimum. For example_ this minimum is an average of 6.22 signal

photoelectrons when a system operates with a bit error rate of 0.001. Thus_

when one reduces the noise count much below N = i/2_ one can expect a signi-

ficant reduction in the signal count required.

For daylight operation (N = 2)_ Figure 17 states that the signal

count required for a PCM/PL system with a bit error rate of 10 -3 is S = i0.

Assuming 0.003 watt of optical power transmitted from synchronous orbit_ Equa-

tion (I) is satisfied when the safety factor of M = Ii0. That is_ the system

has a 20.5 db safety factor during daytime operation. Since the minimum

average signal count allowed is 6.22 per bit_ the safety factor will be in-

creased to M = ii0 _ or 22.5 db for quantum noise limited operation.
6.22

PARAMETER TRADEOFFS

The values for the parameters listed in Table IV were chosen on

the basis of the present state of the art and tradeoffs between the system

parameters. To demonstrate the effect of varying some of the parameters_ a

series of graphs are derived and discussed in this section. To judge the

relative effect of varying each parameter_ all the graphs have Data Rate as

the ordinate. The system will be background limited during daylight hours

and will be quantum noise limited during night operation. That is_ the sys-

tem will be operating in the regions A and B (Figure 17) during nighttime and

and daytime_ respectively. Thus_ two curves are required for each graph to

demonstrate background and quantum noise limited performance.

The background noise power admitted to the PCH/PL detector is in-

dependent of the data rate (information bandwidth). Thus_ even with a decade

increase in the data rate_ the noise power admitted by the optical filter and

field stops_ PB_ remains constant. However_ Equation (2) states that increasing
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the data rate, C, by a decade will reduce the average noise count per bit. As

demonstrated in Figure 18 the data rate for daylight operation approaches the

quantum limit (night operation) when the data rate is increased.

The reference in Figures 18 D 26 is a 106 bit per second PCM/PL

system operating with the parameters listed in Equation (3), (worst case -

daytime). For example, in Figure 18 the daytime curve crosses 106 bit per

second when D = 16 inches, the value listed in Table IV.

T_NSMITTER APER _"JRE

The diffraction-limited beamwidth, u, from an aperture of diameter

D is _ = I-___2k. Variation of _ in Equation (I) shows that the received signal
D

power varies proportionately with the square of the transmitter aperture. Figure

18 shows the dependence of the data rate on the transmitter aperture.

TRANSMITTED OPTICAL POWER

The received signal power is proportional to the transmitted optical

power (Equation (i)). The dependence of data rate on the signal is shown in

Figure 19.

PRIMARY MIRROR RMS FIGURE ERROR

In an imaging system, the intensity I at some point in the image may

be expressed in the form

2_ .,,2 2

where _ is the rms deviation of the wavefront about the spherical reference

wavefront.* This equation is valid only for rms deviations much less than a

wavelength. Since the wavefront is reflected from the primary mirror, a mirror

deformation of Am will introduce a wavefront error of A m = 2A m. Thus, the re-

duced intensity at a point in the central image is

I _ I - 16 _ 2Am2

k 2

Using k/50 as the reference for the rms mirror error, Figure 20 gives

the dependence of the data rate on the rms primary figure error. In determining

the specification of the primary, allowances must be made for the mirror quality

Born and Wolf, Principles of _, MacMillan, New York (1964)
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required by the LCSE tracking subsystem and mirror errors introduced by tempera-

ture gradients, zero gravity_ and the launch environment. Thus_anrms figure

error of _/40 to A/50 will be required to guarantee diffraction-limited per-

formance of the telescope.

BEAM SPOILING

A device to spoil the transmit beam was inserted in the optical

communicator to insure a backup mode of operation to the fine tracking_ RLOS,

and point ahead subsystems. If the beam is spoiled to 4 arc-seconds_ the link

is operative (although at a reduced data rate in the daytime) even if the afore-

mentioned subsystems are inoperative or only partially operative. The reduction

of data rate is shown in Figure 21. Since the llnk has a safety factor greater

than 20 db_ the llnk will support a one megabit data rate at night when the
beam is spoiled to operate without the RLOS or point ahead subsystems.*

TRANSMITTER POINTING ERROR

The far field pattern of the laser radiation transmitted by the

optical co_nunicator is determined by intensity and phase distribution across

the telescope aperture_ plus the obscuration of the central portion of the aper-

ture by the secondary. The free space loss calculations require knowledge of

the absolute energy density at the center of the far field pattern. The specifi-

cations of the pointing subsystems require knowledge of the relative change of

the energy density in the far field as one introduces small angular alignments.

The light distribution across the output of a laser operating in the

TEMoomode is approximately a truncated gaussian. Calculations indicate that the

far field distribution near the center of the far field pattern of a telesco_
with a gaussian distribution across the aperture does not vary significantly
from

o X

where I° is the far field distribution of a uniformly illuminated aperture with
no obscuration. This idealized distribution was used to compute the variation

in data rate when a pointing error is introduced (Figure 22).

RECEIVER ZENITH ANGLE

The satellite_ as viewed from earth_ will describe a tilted figure

eight on the earth surface with a period of 24 hours. The zenith angle will

*This statement is true only when the transmit-receive channel

alignment procedure is carried out.

Personal Co_nunicatlon_ J. Kreuzer.
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be determined by the location of the ground station with respect to the orbital

position of the LCSE. Angles greater than 60 degrees from the zenith are not

expected. Two effects reduce the data rate as the angle from the zenith is

increased. First, the range increases with the corresponding increase in the

free space loss. Secondly, the absorption of the atmosphere increases as the

zenith angle increases.* The absorption varies approximately as the secant of

the zenith angle. Both effects were considered in the plot of Figure 23.

PREDETECTION OPTICAL BANDWIDTH

The optical filter preceding the PCM/PL detector in the earth-based

receiver should have_ ideally, a bandwidth equal to the signal bandwidth. How-

ever, the narrowest optical filters have a bandwidth which is many orders of

magnitude larger than the signal bandwidth. Ultra-narrow Lyot optical filters
O . , .

(less than IA) are available_ but the transmlsslon is reduced to approximately

15%. Since the light input to the Lyot filter must have a single polarization,

the PCM/PL receiver is required to have two Lyot-type filters for the two ortho-

gonal polarizations. Lyot filters are sensitive to small temperature changes

and, for this reason, careful thermal control of the filter is always an im-

portant requirement.

Recently, filters have been developed which are basically a Fabry-

Perot cavity in series with a multilayer filter to suppress the unwanted modes

of the cavity. Although these filters have a bandwidth larger than the Lyot

filter, the increased temperature tolerance and higher transmittance of the

Fabry-Perot filter makes them more suited than the Lyot filter for the proposed

LCSE system. The field of view requirements of the LCSE optics limit the use

of ultra-narrow interference type filters. This is discussed in more detail

on page I01.

Figure 24 shows the variation of the data rate when different filters

are substituted at the receiver. The filters considered for LCSE are:

• Lyot-transmission = 15%, bandwidth = 0.5A

• Dobrowski-transmission = 40%, bandwidth = 1.5_

• Harriott -transmission = 50%, bandwidth = 2_

• Multilayer-transmission = 80%, bandwidth = 5A

The PCM/PL system will be limited by quantum noise during night

operation. The only way to reduce this noise is to increase the detected power.

The above values indicate that the filter transmission (i.e., detected power)

increases as filters with larger bandwidths are used. Thus, during night opera-

tion, it is advantageous to have a filter with a high transmission as contrasted

with a narrow spectral bandwidth.

*Table 3-I, Determination of Optical Technology Experiments for a Satellite,

,_ASA CR-252 (NAS8-I1408).

Harriot I D.R., Filters_ Waveplates , and Protected Mirrors,50th Meeting, Optical

Society of America, Washington, D.C.
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The PCM/PL system will be limited by background noise during day

operation. This noise source is reduced by inserting a narrow bandpass optical

filter before the detector. For the parameter values assumed in Table IV,

Figure 24 shows that it is adequate to use the Dobrowski-type filter. However,

it must be emphasized that any increase in the background_ or increase in the

receiver field of view will increase the background noise. Under one of these

conditionsj it will be more advantageous for the LCSE ground station to use the

narrower bandwidth Lyot filter.

EFFECT OF SCINTILLATION ON DATA LINK

A star viewed from the earth suffers from image dancing and blurring

plus scintillation. Since the PCM/PL receiver is an energy detector (i.e. quan-

tum counter), image dancing and blurring will not degrade the PCM/PL system as

long as the received signal is incident on the photoemissive surface. The

scintillation, however, will introduce fading in the received signal. Under

special conditions, 100% amplitude modulation of a star's image has been ob-

served. No empirical data or theory exists to determine the scintillation of

a monochromatic laser light beam propagating vertically through the atmosphere.

A rather complete theory of star scintillation along with confirma-

tion data has been published by Tatarski*. The theory states that the star's

detected energy_ I, has time varying statistics which are log normal. The

probability density function is

2

i oxp[ lP (Y) - 2 _a

2
where c = variance of scintillation

y = _n

I = intensity of light wave on surface of the objective.

= average light intensity

The value of G is greatest for viewing of stars near the horizon with

a small aperture telescope. As the aperture £s increased_ several uncorrelated

field inhomogeneities fit in the aperture. This effect (aperture averaging) re-

duces the scintillation by averaging the fading over several inhomogeneities.

The effect of scintillation on the error rate of the PCM/PL signal

will now be discussed. Knowing the instantaneous received signal level of the

time varying PCM/PL signal_ the PCM/PL error rate equations ** will give a

*V. I. Tatarski, Wave Propagation in a Turbulent Medium_

See NASA CR-252 (NAS8-I1408).

Chapter 13.
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corresponding bit-error rate. This method is legitimate only when the bit

interval (i microsecond) is small in comparison to the shortest period of the

fading (_ i millisecond). Thus_ stating that the instantaneous signal must

be in excess of So for 0.999 of the time is equivalent to stating that the bit

error rate will be less than PB (So_ N) for 0.999 of the time. Figure 17 may

be used to find the relationship between So and N when PB (S°_ N) = 10 -3 .

Doing the necessary transformation_ the relation between the in-

stantaneous power So and the average power S is

_n _ = 2_ erf -I (2 x 0.999-1)

So

where o _ 0.08 for zenith viewing winter atmosphere 24-inch receiver

_' _ 0.08 sec G3/2 = 0.22 for viewing 60 degrees from zenith

erf -I = inverse error function

Substituting the above values into Equation (i) states that the

power ratio s_oS _ will be approximately 1.5 db and 4 db for zenith and 60 degrees

to zenith viewing_ respectively.

The value of _ increases when the aperture is reduced because the

effect of aperture averaging is reduced. Figure 25 shows the dependence of the

data rate on the receiver aperture. In addition to scintillation_ the variation

of the receiver aperture changes the value of blue sky background and the re-

ceived signal power. Both of these values are proportional to the square of

the aperture. The effects of all three sources of error were considered in

plotting Figure 25 and the 24-inch aperture ground station telescope is indi-

cated.

where

SAFETY MARTIN

The safety margin (in db) is defined as

NN S

Mdb = i0 loglo C---_

Ns --

=

C =

S =

number of photons incident on PMT

PMT quantum efficiency

data rate

signal counts per decision for PCM/PL detection

(See Figure 17)
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A plot of data rate versus safety margin is shown in Figure 26.

The LCSE experiments require transmission of 106 bits per second. Both a

pseudorandom digital sequence and slow scan video will be transmitted.

Figure 26 shows safety margins of 21 db and 23 db for the worst case day and
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I

I

I

night operations, respectively. Assuming night operation, no scintillation,

zenith viewing, and optimum predetection optical filter, a large safety margin

(over 20 db) will be available at 106 bits/second and an adequate safety margin
(over i0 db) at 107 bits/second.

If the data rate capabilities of the laser link are extrapolated to

0 db of safety margin, the LCSE hardware intercepts sufficient laser energy for

a 200 megabit digital system. This data rate can not be programmed into the

LCSE program because of the present state of the art of such key components as

the modulators, all solid state PCM/PL encoders and PMT detectors. However,

the LCSE is a space verification of techniques for a deep space link. In the

deep space case, the present state of the art laser communication system is

quantum noise limited in the vicinity of a million bits/second. Therefore, the
very high data rates of over 107 bits/second are either academic or of interest

to near space missions.

I

!

I

I

I

I

I

I

I

I

I

I 71



I
I

I
I

I
I

I

I
I
I

I
I

I
I
I

I

I
I
I



I

I

I
I

I
I

I
I

II

I
I

I
I
I

I

I

1
I
I

PERKIN-ELMER
Report No. 8399

2.6 LCSE COMPONENTS TECHNICAL EE_UIEEMENTS AND PARAMETERS

MAIN TELESCOPE

The main telescope of the LCSE performs two key functions. It

collects and images beacon light for the flne-guldance operations and it

radiates laser light back to the earth. In this section, some of the considera-

tions that point to a specific design for the LCSE are evaluated and compared.

From an optical system point of view, the totally reflective tele-

scopes are most attractive because these forms are inherently free from chromatic

aberrations. Even though the optical system will be used with laser sources 3

different wavelengths are required. One wavelength is used for the spaceborne

laser transmitter and a different wavelength is used for the ground beacon.

Als% multiple laser wavelengths may be employed for non-communications ex-

periments with the LCSE; e.g. scintillation measurements. Thus_ chromatic
aberration is a consideration in the LCSE since it is not an all reflective

Telescope Type --Basic Confi6uration

Perfect imagery of the telescope is required within a relatively

small field of view (FOV). The most critical FOV is the central 2 arc-minutes

used for fine guldan_e. An outer annular FOV of 1 desree is used for

coarse_acquisition. There are three different basic telescope configurations

for narrow-field applications. These are the Newronian 3 the Cassegralnian_

and the Gregorian configurations. All are two-mlrror systems based on pare-

boll% hyperbolic or ellipsoidal reflector figures. They exhibit perfect

(aberration-free) imagery on-axis 3 but the useful field is restricted because
of off-axls aberration.

The various catadioptric systems, which have been pioneered by

Schmldt 3 Maksutov 3 and others_ form a separate category of reflecting tele-

scopes. They employ a spherical primary and feature a transmissive corrective

element 3 covering the entire primary aperture. These systems are used when

large angles of view (larger than I degree) are required and where the afore-

mentioned simpler configurations are field-angle limited. However 3 field-

angle limitations are distinctly not a LOSE problem and the more complicated

catadioptlcs systems have no special merit over the two-mirror systems.

A fundamental requirement of the telescope follows from its dual

function as a transmlt_eceiveantenna_ namely to provide a real image of

practical magnification in an accessible region where the electro-optlcal

apparatus of the transceiver systam ls located. Figure 27 illustrates the

geometrical relations of the three basic telescope configurations considered

that employ an f/3 primary mirror and a secondary amplification of 5 to yield
an f/15 focus.
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A Newtonian form comprises a parabololdal primary and a flat to

fold the converging beam to the side. An additional magnifying lens provides

the required f/15 focus. (The prime focus shown by dotted lines has in-

sufficient space to mount the transceiver apparatus in an axial position.)

The Cassegrainian configuration uses a paraboloidal primary mirror in con-

Junction with a convex hyperbololdal secondary mirror located in front of the

focus of the primary. The Gregorian form consists of a paraboloidal primary

mirror and a concave elllpsoidal secondary mirror located behind the primary

focus.

To yield an overall structure of tubular shape and a very compact

arrangement of the optical components of the LCSE_ the transceiver instrumenta-

tion is best located behind the primary mirror. Thus 3 side mounting of the

transceiver package via a folding flat_ as would be necessary with the Newtonian

arrangement 3 presents additional mechanical support and alignment problems.

Furthermore_ the usable field of a Newtonian system is considerably smaller

than of the other configurationsj which is plausible as it utilizes the

corrective power of only one aspheric surface.

The essential difference between the Cassegrainian and the Gregorian

configuration is the different location of the secondary. This aspect, however,

is of major concern as mounting and maintaining the secondary within the extreme

tolerances for diffraction-limlted telescope performance represents the most

severe problem of the telescope structure. Every effort should therefore be

taken to keep the distance between the vertexes of primary and secondary mirror

as short as possible to facilitate the structural design. A primary/secondary

separation of 56 inches for the Gregorian in Figure 27 compares with only

40 inches for the Cassegrainlan of the same imager_ In view of these considerations,

the basic Cassegrainlan configuration is preferable.

Modification of the Cassegra£n_an Form

The conventional parabolic-hyperbolic combination of the Cassegrainian

form corrects for spherical aberration and exhibits perfect axial imagery. How-

ever, the limiting off-axls aberration is coma. This form of image degradation

is most detrimental to guidance systems owing to the asymmetric shape of the

comatic flare which restricts the use of the conventional Cassegralnian con-

figuration to a relatively small field of view.

As illustrated in Figure 28 there are several variations of the

conventional Cassegralnian form which retain the advantages of the compact prim-

ary-secondary mirror arrangement but exhibit either a considerably larger cor-
rected field or other features.

A modification that is used occasionally is the Dall-Kirkhem design.

An ellipsoidal primary mirror is combined with a spherical secondary to provide

correction of spherical aberration. Its useful field is also limited by coma

74

I

I

I

I'I

I
I

I
I

I
I
i

I
I
I

I

I

I
I
I



Ii
'I F:'ERKIN--ELMER Report No. 8399

I

I ng Flat

I -... _ Prime Focus

I Form

Parabolic Primary f/3 f/15

I
Newtonian J

!

" U
I

I
I

I Cassegrainlan I

I

I

I

I
Gregorian

I

I

Figure 27. Geometry of Conventional Telescope Configuration and

Possible Locat/on of Optical Transceiver Package _
Primary Mirror f/3 s Effective System Focus f/15.
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and is generally worse than a normal Cassegrainlan. However, the advantages

offered by the spherical secondary in fabrication_ alignment and test are sig-

nificant enough to recommend this lens form in cases where its narrow field

suffices.

Currently 3 a very popular Cassegrain-type form is the Ritchey-

Chretien which employs a hyperbolic primary and a hyperbolic secondary. This

design provides complete correction not only for spherical aberration but also

for coma. Only astigmatism limits its useful field. The Ritchey-Chretien de-

sign is consequently capable of good performance over a wider field of view

than the true Cassegrain.

There have also been a number of Cassegrain field correctors pro-

posed during recent years which may be mentioned in this context*. These con-

sist of an array of refractive elements of spherical or aspherical shape near

the Cassegrainlan focus. They are capable of providing large-aperture, near-

diffraction-llmlted performance over fields as large as 30 arc-minutes, but

at the expense of complex alignment problems associated with the additional

optical elements.

The limiting aperture of the LCSE is the primary mirror and has
been set at 16 inches.

In choosing an aperture size 3 one must consider three questions:

• Will the link support a 107 bit per second data rate?

• Can 0.I arc-second pointing of the fine tracking

subsystem be verified?

• Can the results of the experiment be extrapolated to

determine the performance of anticipated deep space

optical coammnicatlon systems?

The 20 db safety margin of the PCM/PL link was obtained with a

conservative choice of laser and of earth receiver aperture. An aperture of

16 inches results in a satisfactory laser data link.

*Rovin, S., J. Opt. Soc. Am., _ 331, 1961

Wynne, C.G., Appl. Opt. 4_, 1185, 1965
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To provide 0.i arc-second tracking, a diffraction-llmlted

aperture of approximately 16 inches is required for the LCSE. In addition,

the temporal variations of the beacon, temperature gradients in the spacecraft,

and telescope aberrations will reduce the resolution (and, thus, the tracking

accuracy) of the communicator. Therefore, the 16-inch aperture is needed to

establish the feasibility of high precision optical tracking systems in space.

The basic configuration of the LSCE tracking, telescope, and

laser-modulator subsystems can be used in anticipated deep space

optical communication links. The extensive diagnostic data received from

the primary-secondary mirrors and the telescope structure will be invaluable

in determining the validity of the thermal and mechanical analyses. These data

will allow extrapolation from the 16-1nch primary mirror to mirror sizes of

approximately I meter for deep space optical communication llnk applications.

The f-number of the primary mirror is the major factor determining

the length of the telescope tube. A primary with a lower fonumber (i.e., faster

primary) results in a closely spaced secondary and_ as such I in a shorter system.

A primary/secondary separation of 99 cm for an f/3 primary compares with 65 cm

for a f/2 primary employing the same secondary magnification (Table V).

Increasing the speed of the primary mirror, however, also has nega-

tive aspects. Above all there is the dominating influence of the primary

f-number on the mounting tolerances of the secondary mirror. As was stated

earlier, mounting and maintainance of the secondary within the tolerances of

diffraction-llmlted performance are extremely difficult tasks. The tolerances

for the axial dislocation Az and for the decentration _p of the secondary

mirror were calculated. The exact expressions are given in Figure 29 and show

Az proportional to the square and Ap proportional to the cube of the primary

f-number. A secondary mirror facing an f/3 primary, for instance 3 would have

to meet tolerances such as Az _ ± 3.5_, _p _ 80_. for a maximum wavefront

deviation of k/10.

A further constraint on the choice of the primary speed is the

well known fact that figuring an aspheric surface such as a paraboloid becomes

increasingly difficult with smaller f-numbers. A 16-inch paraboloid with a

relative aperture of f/3, for instance, involves considerable efforts when

figured to the required RMS value of k/50. The fabrication of an f/2 para-

boloid of same size and figure quality, however, would be more expensive and

time consuming and would provide only small increases in system performance.

The advantage of a somewhat shorter telescope tube for the payload

volume was weighed against these shortcomings and a value of f/3 was selected

as a Judicious compromise between program performance and cost.
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Axial Dislocation:

X

_z = ± (_)
8m2f 2

2
l+m

I

I
=w + (k.k.) 8f 2

n !

Decentration:

where:

Ap = _x2+&y2 = ( k ) 64 m2f 2
m2_l

f = primary f-number

m = secondary magnification

I

I

I
k/n = maximum wavefront deviation in fractional wavelength

. Figur@ 29, Mounting Tolerances for Secondary

Mirror in Cassegrainlan Configuration
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SECONDARY MIRROR CONSIDERATIONS

The basic specifications for the secondary mirror including diameter,

secondary magnification 3 axial location 3 etc. 3 are determined by considering

the various implications of the resulting telescope magnification and f-number.

The first component in the optical train of the transceiver appa-

ratus connected to the telescope is the coarse guidance image plane dissector.

It is positioned immediately behind the primary mirror. The secondary has to

be dimensioned so as to locate the image plane of the telescope at the plane

of the image plane dissector. This brings the focal point of the telescope

to about 15cm behind the primary mirror apex.

I

I

I

I

I

The coarse guidance image plane dissector first functions as a

field stop restricting the overall field of view of the telescope to 1 degree.

This field is then divided into an annular shaped outer section for the coarse

guidance channel and a circular shaped central section for the fine guidance

and transmit channel. The diameter of these fields in the focal plane of the

telescope depends on the focal length of the telescope. Table V gives numbers

for some possible primary/secondary combinations. An effective focal length

of 6.09m (for a telescope speed of f/15), for example, is associated with a

field of 10.6cm diameter to be covered by the coarse guidance channel. This

necessitates rather bulky optical elements for relaying and detecting the

coarse guidance field information, and may therefore be considered the upper

limit to keep the coarse guidance subsystem of practical size. It is desirable

to stay close to this limit so that the much smaller fine guidance field is

still of reasonably large size in the f/15 focal plane and is not adversely

affected by mechanical tolerances.

I

I

I

TELESCOPE PARAMETERS

There am clearly a number of primary/secondary combinations which

yield a basic Cassegrainian configuration and comply with the requirement in-

dicated. The geometrical parameters of some of them are listed in Table V.

They are based on a 16-inch primary with a relative aperture of f/2 or f/3.

They possess a focal plane !8cm behind the primary apex and an effective focal

length between 4m to 6m (or a main focus with an f-number between f/7 and

f/Z5).

i An additional column in Table V refers to the permissible op-tical filtering of background radiation seen by the coarse guidance channel.

We assume a Fabry-Perot type interference filter mounted in front of the

coarse guidance image dissector as is the case with the fiber optics design.

I These filters are inherently sensitive to the angle of the incident radiation.
The wavelength k of peak transmission at zero angle of incidence shifts to a

shorter wavelength k - _k for an angle of incidence _ according to the relation-

I ship.

Ak = k_2

i 2n 2
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where _ << i and n is the refractive index of the spacer. The wavelength

intervals in Table V (last column) state the shift in peak transmission

for the maximum angle of incidence occurring in the coarse guidance field for

the respective f-number. The bandwidth of the interference filter employed

for the coarse guidance channel should not be significantly narrower than the

wavelength intervals indicated. Too narrow a filter would affect the coarse

guidance system in the same way as a decrease in aperture diameter.

The system parameters chosen for the LCSE are shown in Table VI

and resulted from all of these considerations.

Telescope Design

A standard Cassegrain telescope design was worked out and employed

in the Laser/Optics Technique Project This choice was based on computer-aided

calculations that showed clear advantages over the Dall-Kirkham design but only

a marginal advantage (unwarranted by the requirements of that particular project)

over the Ritchey-Chretien design. However_ as coma is the particular concern

for coarse acquisition purposesj the improvement in off-axis performance to be

expected by employing the Ritchey-Chretien design warrants the somewhat greater

manufacturing difficulty it entails. Therefore the LCSE will employ a 16-inch

clear aperture Ritchey-Chretien telescope with an f/3 primary and with a

secondary mirror of 5X magnification.

Telescope Mirror Material

Fused silica is designated as the material for the LCSE primary

and secondary mirrors. Experience has shown this to be the best choice for

this size 3 since it takes on an excellent pollshj an accurate and stable figure_

and has good thermal characteristics. The weight of the primary mirror can

be minimized by curving the rear surface of the primary mirror. A dish-shaped

primary mirror results which is deep in the middle where it needs to be for

structural reasons 3 but which is relatively thin at the periphery 3 where
thickness is not beneficial. A solid mirror is chosen for the LCSE over the

e_Berate since the weight saving of the latter in this 16-inch diameter is

not significant enough to warrant the additional cost.

82

I
I

I
I

I
I
I

I
I
I
I

I
I

I
I

I
I
I

I



!

I
I

I
I
I

I

I
I
I
I

I
I
I

, PERKIN-ELMER
Report No. 8399

TABLE VI

LCSE LASERITELESCOPE OPTICAL PARAMETERS

Clear Aperture of Main Telescope

f-number of Primary Mirror

Secondary Magnification

Location of f/15 Focal Plane

Field of View for Coarse Acquisition

Fine-Guidance Field of View

Magnification of Image Transfer Optics

(Resulting in Finsl f/70 Image)

Diameter of 2-Minute Field at f/15

Diameter of 2-Minute Field at f/70

Diameter of 1-Degree Field at f/15

Operating Wavelengths

Image Quality

16 inches

f13

5X

7 inches behind

vertex of primary

mirror

1 degree

2 minutes

4.67X

0.14 inch

0.65 inch

4 inches

6328A, 48801

Diffraction-limited

pointing and tracking

capability over central

2-minute field.

I
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COARSE ACQUISITION GROUP

Field Splitter

As indicated in Figure 6 on page 21_ and in Table V the coarse

acquisition and fine guidance field of views are separated by the field

splitter at the f/15 focal plane of the telescope. The annular ±i arc-mlnute

to ±0.5 degree field is intercepted by a cluster of four pie shaped fiber

optic bundles. Each bundle intercepts one quadrant of the coarse acquisition

field and directs the accepted light to its respective photomultiplier detector.

Each fiber bundle changes from a pie shape at the focal plane to
a cylindrical shape at the PMT end of the bundle.

Predetector Filter

A predetection filter with a matching central hole is situated

in front of the fiber optic field splitter.

o

The half-bandwidth has been set at 5A, whlch_ for reasons mentioned

earlier_ is a minimum value established by entrance cone angle considerations.

In particularj the coarse acquisition predetection filter receives rays spread-
ing up to ±4 degrees from normal incidence.

I
I
I

Cone Condensers

Space qualified photomultipllers are immediately available with

a maximum useful photocathode area of about i inch2. As each relayed quadrant

of the i degreej f/15 coarse acquisition field occupies an area of about

3 inches 2, it will be necessary to precede each coarse acquisition photomultl-

plier with a tapered cone condenser. This will necessitate elongating the four

coarse acquisition "arms". This will also tend to diffuse the beacon light

across an entire photocathode and to reduce the gain variatlons associated

with nonunlformphotocathode sensitivity.

I
I
I

FINE GUIDANCE GROUP

The basic elements of the fine guidance group are illustrated in

Figure 6 on page 21 and the system parameters are listed in Table VI. A

16-1nch aperture telescope acts as the front end of the system and is used for

both transmission of helium-neon laser light and reception of argon laser beacon

light. The coarse acquisition fiber bundle and associated PM_'s are located

at the f/15 focus of this telescope. It divides the field of view into a

2 arc-minute fine guidance field (transmitted through the hole in the fiber

optics bundle) and a 1-degree coarse acquisition field (piped by the fibers

to four PMT's).

I
I

I
I
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The focal plane of the first lens s Lls beyond the field dividing

fiber bundle lies in the focal plane of the telescope. This produces a region

of colllmated light to the right of L1 with an axlal bundle diameter equal to
the clear aperture of the telescope multiplied by the ratio of the focal length

of L 1 to the effective focal length of the telescope.

The next item in the optlcalochain Is a dichrolc beamsplltterso
designed for maxinnmreflectance at 6328Aandmmximumtrm_sm£ssion at 4880A.

Two conjugate light paths are produced whlch are separated according to color
on transmission and on reflection. The besmspiitter merges a reflected red
beam and a transmitted blue beam in the reverse direction and makes them

collinear. This arrangement implements the concept of optical duplaxin8.

Two additional lenses s L 2 and L3s form conjugate f/70 images at the

apex of a flne-guldance image-divlder prism and at an equivalent image of the

transmit laser s respectively. The required polnt-ahead function of the system

is implemented by a pair of Risley prisms. Relative and Joint rotation of

these prisms accomplishes two-coordlnate angular offset of the transmitted

laser beam from the llne of sight of the receive channel (RLOS)o

Telescope pointing errors are sensed by the fine-guidance image-

divider and associated photomultipliers illustrated in Figure 6. The re-

suiting error signals are used to close a feedback loop that causes an x-y

servo drive to translate lens L1 and reposition the beacon image on the apex

of the image-dividing priam. In this way_ the system can point at and track
an earth beacon to within the diffraction limit of the telescope. The trans-

mit channel is made conjugate to the receive channel which constrains the

light transmitted back to earth to point and track to the same accuracy.
!

The predetection filter is located in the receive channel between

the dichroic beamsplitter and lens L2 and acts as a narrowband filter centered

on the beacon wavelength. It serves to block background light on either side

of the passband and blocks stray light that originates from the transmit channel.

A variable aperture stop is located in front of the fine-guidance

image channel. Its purpose is to restrict the field of view from a nominal
2 arc-_tnutes down to as little as a few arc-seconds. FOV reduction is

carried out in this way after beacon acquisition. This increases the ratio

of signal to background noise and improves the performance of the flne-guid-

ance servos and s therefore s tracklns accuracy.

The auxiliary cube-corner priam and retractable shutter are used as

discussed on pap 27 to ensure that the two channels are accurately boresighted.

S5
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Deslgn Reguirements of the Image Transfer Optics

A preliminary design of the image-transfer optics for the LCSE has

already been carried out under the Laser/Optics Techniques Project.. It was

specified that the design be achromatized for hellum-neon laser light at

6328A and argon laser light at 4880_ and 5145_. It was further specified

that the image transfer optics provide a net magnification of 4.67X and

result in an f/70 diffraction-llmlted image of the main telescope's central

2-mlnute field. In addition 3 because these optics are required for use with

laser light 3 it was specified that a minimum of surfaces be used and that

parallel or concentric surfaces be avoided. A computer-alded deslgn was

obtained which meets these criteria and consists of a special doublet at L1

with a focal length of about 6cm and another doublet at L2 with a focal

length of 28cm. Between these lenses is a region of collimated light I0 to

20cm long in which zero-power 3 zero-distortlon_ beamsplitters 3 Risley prismsj

filters_ etc. 3 can be located without introducing aberrations into the system.

These doublets resemble 3 and in a sense act as I telescope objectives.

The first 3 which we have designated the transfer lens 3 collimates an image

falling within the central 2-mlnute field of the telescope. The second lens

decolllmates light from the first and forms the f/70 image required for

fine-guidance and tracking purposes.

Lens L3_ which works with a conjugate image formed by the transmitter

channel may be considered identical to L2.

The diameter of an axial bundle of the relayed collimated light is

about 4mm 3 which is a demagnification of 100X of the 16-1nch (400mm) entrance

pupil of the main telescope.

Field angle considerations lead to a minimum clear aperture of about

12mm for L I and a similar value or greater for L2_ depending on the spacing

between L I and L2.

Optical Tolerances

The optical system of the LCSE must be capable of pointing and

tracking to within a fraction of the angular diffraction spread of its 16-inch

aperture telescopic front end. Optical tolerances must therefore be held to

an extent which insures that the final f/70 image t falling on the apex of the

fine-guidance image divider 3 contains an adequate amount of energy symmetrically

disposed within the focal spot. This spot ideally corresponds to the area en-

closed by the first dark ring of the f/70 Airy pattern; a theoretical maximum

of 84 percent of the total light intensity in the image can be so enclosed.
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If the theoretical peak intensity at the prime image of a telescope

mirror is Io, then the ratio of the expected intensity peak I to I ° is given
by the expression

I/I = I - 4_ 2 A 2 A "2
o

where k is the wavelength of operation and & is the rms (root mean square)

wavefront departure of the wavefront from a s_here centered on the image;
i.e., d is twice the rms mirror figure error.

It follows from this expression that, to result'in a peak intensity,

I, of 94 percent of theoretical, the rms figure error cannot exceed k/50.

This exceedingly stringent tolerance was selected for the 36-inch aperture

primary mirror of Stratoscope II because its principal function is to carry

out celestial photography in such a way that resolution in the recorded image

is limited mainly be the finite primary mirror diameter.

Diffraction-llmited pointing and tracking functions, where the

need is to locate and lock onto the centroid of an image 7 is best accomplished

with optics made to the same tolerance. This insures the most efficient col-

lection of the beacon energy for tracking purposes and the most efficient

transmission of light from space to earth.

The LCSE imcorporates an image-posltlon sensor subsystem at the

f/70 fine-guldance image plane. One such subsystamwas previously illustrated

in Figure 6 page 21 by a pyramid-shaped prism and four photomultipliers.

Basically the same function can be carried out be a variety of techniques. A

brief comparison of the different techniques suited to the needs of the LCSE

is given in Table VII. Only the most immediately relevant properties of each

are highlighted.

The technique to be used in the LCSE consists of an optical image

divider in conjunction with four photomultipliers. This technique originated

with Stratoscope II and is capable of exceedingly accurate performance.

The original Stratoscope image divider design consists of a modified

cube-corner retroreflector. A star image is divided four ways on retroreflection

from a cube-corner prism whose three reflective surfaces depart by a calculated

amount from mutual orthogonallty. The design results in the ability to dis-

criminate image motions that are small compared with the size of the diffraction-

limited star image. Image division occurs at the point of intersection of

three planes of one glass elament 3 and as this point can be made to have a

blunt region of less than 5 microns diameter, only a correspondingly small

fraction of light in the image fails to reach the four photomultipllers.

Scott, R.M., Applied Optics, Vol. I, p. 387, July 1962
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Because of space restrictions, an image divider of this type was

employed in the Laser/Optics Techniques Project on transmission, not on

reflection as is more usually the case. This modification carries the divided

image out to a region behind the divider where photomultlpllers can be mounted

conveniently 3 and is easily accomplished with the Stratoscope divider by

leaving two of its three reflecting surfaces uncoated. The LCSE can use the

divider in either configuration hut the Laser/Telescope Layout (Figure 6

page 21 ) shows the image divider as a refraction divider. The features of

the transfer-lens-servo-fine-guidance approach are illustrated in Figures 30
and 31.

The field of view of the main telescope is shown relayed by the

transfer lens to the plane of an image-splitting element. This element divides

the field into four quadrants and reflects each quadrant to a respective photo-

multiplier. The apex of the image divider is exceedingly sharp3 and is capable

of quadrisecting the diffraction-limited beacon image without appreciable loss
of light intensity.

When the beacon image is centered on the apex of the image divider 3

all four photomultipliers receive equal amounts of signal light. When the

image is slightly off center, the light divides proportionately. When the

image is completely off to one sid% the position-proportional nature of the

signals is lost 3 nevertheless, the photomultipliers sense a saturation signal

that indicates the quadrant in which the beam is located.

The electronics are designed to process this information and re-

position the transfer lens optics so as to bring the beacon image from any

point in the fine-guldance field to the apex of the image divider. This

servo system has a linear discriminant when the image is nearly centered and

each photemultiplier receives a finite share of the light. Beyond this linear

range the servo is saturated, and the electronics are arranged to drive the

transfer lens back in the direction that tends to center the beacon image on

the divider apex where linear servo operation occurs.

The image divider apex defines the axis of the entire optical system.

When the transfer lens is in its central position 3 an image of the hole in the

coarse,acquisition fiber bundle is formed in the plane of the image divider.

The image divider, therefore, need be only nominally centered with respect

to this image.

Image-Posltion Sensor Requirements

The ability to acco_lish diffraction-llmlted pointing and tracking

in practice requires the technique employed for sensing beacon image position

in the receive channel. If the angular diffraction-limlt of the telescope front

end is 1/3 arc-second, then the image-position sensor must be able to detect

pointing errors on the order of 1/30 arc-second. It must be capable of this

remarkable level of performance throughout the fine-guidance field of view.
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In terms of resolution elements, assume the fine-guidance field of

view is 2 arc-minutes x 2 arc-minutes. This area contains 13 million 1/30 arc-

second x 1/30 arc-second elements.

Photomuitipliers

The prime function of the photomultipliers employed in the _mage

position sensor subsystem is to detect argon laser beacon light st 4880A. They

mustocarry out this function in the presence of whatever residual red light at

6328A is incompletely blocked from the transmitter channel. Because of the

channel separation problem it is desirable to choose receive-channel photo-

multipliers that not only have maximum blue response but also minimum red

response.

It was shown in the Laser/Optics Techniques Project that adequate

channel separation can be obtained without relying too heavily on choosing

photomultipliers with poor red response. Because of the high quantum efficiency

of the $20 surface to the argon beacon wavelengths this is the recommended sur-

face for the LCSE photomultipliers. As compared with the Sll and S surfaces_

this chgice requires that an additional factor of I0 or more of attenuation

at 6328A be provided by the LCSE dichroic beamsplitter or predetection filter

(Figure 32.) The improvement in quantum sensitivity to argon beacon light

is about l. bX and 2X_ respectively.

Space qualified photomultipliers with matched solid state power

supplies are available. Care must be taken in choosing four phototubes which

have emissive surfaces which do not vary in sensitivity from point to point.

The exact area over which uniformity is required is determined by the linear

response region of the fine tracking servos. The dark current of the tubes

operating at ambient temperatures is sufficiently smaller than the received

signal power.

Transfer Lens Servo

As indicated in Figure 6 on page 21, fine-guidance is carried out

not by maneuvering the telescope but by two-axis electromechsnical translations

of the transfer lens L I.

An appropriate LCSE transfer lens servo subsystem was designed

constructed_ tested and incorporated into the breadboard of the Laser/Optics

Techniques Project. The most important characteristic of this design is that

it does track to less than the 1/10 arc-second requirement.
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Other principle features are:

The transfer lens cell is supported by flexure bearings

that are so arranged as to allow only translation in an x-y

plane. This assembly is driven by x-y magnetic drives

in response to signals from the image position sensor

subsystem.

The mounting arrangement is compatible with the hard

vacuum space enviromnent and has zero stiction as a result

of the flexure bearings.

A top view of the Laser/Optics Techniques transfer

lens mechanism situated in place behind the main

telescope is shown in Figure 33. The photograph

is a time exposure and shows graphically how focused

light from the I0 milliwatt He-Ne laser is collimated

by one lens (L3 of Figure 6), deflected at right

angles by the dichroic beamsplitter and this is

focused to a spot in the f/13 focal plane of the

system after which it diverges to "fill" the telescope.

The servo has approximately the response we would

expect to be needed by a spaceborne beacon tracker.

The measured 3 db bandwidth is approximately 38 cps,
and the low frequency response is very stiff. (See

Figure 34).

Unique capacltance-operated position-pickoff sensors

are utilized for position feedback and the position

signal is differentiated for velocity feedback.

• The transfer lens servo subsystem is used in setting

optimum system focus.

System Focus

By considering the depth of focus at each focal plane of the pro-

Ject optical systemj it becomes evident that only the spacing of the secondary

mirror to the primary is critical for correct system focus. At f/70, for

example, the focus tolerance AZ is _ +-5-- as given by*

I + I 2(f/a)

I
I
I

where f/2a is the f-number and A is the wavelength (4880_).

* Born and Wolf, Principles of Optics, Macmillan, New York, 1964
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At f/15 the focus tolerance is ±0.23mm (±0.009 inch). But at the

f/3 prime focus of the telescope the tolerance is only ±.009mm (3x10 "4 inches).

It therefore follows that all of the image transfer optics can be mechanically

positioned and fixed with respect to the primary mirror if system focus is

left to be accomplished by adjusting the position of the secondary mirror.

A motor drive,shown in Figure 6, is incorporated into the LCSE for this

function. An in-flight procedure for achieving correct system focus for

the LCSE is discussed on page 32.

Remote Focus

As discussed above 3 with the exception of the secondary mirror_

all of the optical elements can be permanently spaced with respect to the

primary mirror. This leaves the axial spacing of the secondary mirror as

the one parameter to vary to readjust the system focus. A motor drive

mechanism is provided in the LCSE for this purpose.

The motor drive_ then, is the system focus actuator. Detection

of focus errors is accomplished by the transfer lens servo subsystem. The

focusing procedure is carried out while the complete system is tracking the

earth beacon or its equivalent. An electrical dither signal is injected into

one axis of the transfer lens servo drive. The response of the closed loop

is to exactly compensate for the electrical dither by moving the transfer

lens. This motion produces an equal and opposite error signal in the image

position sensor subsystemj since the dither acts on the servo drive the same

as would a sinusoidal torque disturbance on the telescope. The motion of the
transfer lens is then monitored while the secondary mirror is moved in and out

of focus by the motor drive. At optimum focus the f/70 beacon image has a

minimum diameter and the transfer lens experiences minimum dither induced

displacement. In practice this is a rather broad minimum. On either side of

focus, the beacon image is broadened and the transfer lens has to move further

to produce the same compensation. This relationship is illustrated in Figure 35.

Position pickoff sensors are incorporated into the transfer lens

servo subsystem and may be used to monitor displacement magnitude during focus

operations. In practice it is preferable to determine a position of the second-

ary mirror on either side of focus each of which results in the same dither-

induced lens motion. Then the secondary mirror is moved to the half-way position 3

which is taken to be optimum. It also turns out to be preferable, for reasons

of accuracy in the presence of spacecraft disturbances 3 to measure dither-

induced velocity of the transfer lens rather than position. This technique
has been used successfully in Stratoscope I13 OAO-C (Princeton Experiment Package)_

and the Laser/Optics Techniques Project.
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Channel Separation Requirements

Utilization of effective techniques for adequate channel separation

is the key to using conlnon telescope optics for both the receiving (beacon

tracking) function and the transmitting function of a spaceborne optical com-

munications system. The problem is arranging for the fine-guidance photo-

multipliers to be signal quantum noise limited at 4880_ in the presence of

scattered light at 6328_ from the neighboring high-power He-Ne laser trans-

mitter.

The magnitude of channel separation needed in the LCSE may be es-

tablished by considering the signal requirements of the tracking servo de-

tectors as follows. The most difficult case (i.e. 3 when maximum exclusion of

transmit light from the receive channel is required) is when_ with negligible

background light_ the amount of incoming beam light is barely sufficient for

the tracking function to be carried out. Suppose_ for example_ that the in-

tegration time of the tracking servos is of the order of 10 -2 seconds. Thenj

for reasonable servo performance with a bandwidth of ten cycles per second_

a minimum of about I0_ signal photoelectrons are needed per 10 -2 second period.

Given a detector quantum efficiency of i0 percent and an optical efficiency

of 33 percent leading to the detectors_ it follows that a minimum of 3 x 105

photons per second of signal light (provided by the beacon) are needed by

the tracking channel. Therefore the channel separation problem reduces to

insuring that the tracking channel detects fewer than 3 x 105 photons per

second of the high-power laser light present in the neighboring transmit
channel.

As a specific example_ let the transmit laser power be 3 milliwatts

(9 x 1015 ) photons/second. What the tracking channel detects of this must be

small compared with 3 x 105 photons per second. Thus_ the required channel

separation must exceed the ratio of these numbers_ which is about 3 x I0 I0.

A reduction in receive-channel sensitivity to beacon light may result

from the methods used to suppress unwanted transmit beam light. Moreover 3 the

receive channel detectors will in general have different sensitivities at the

receive and transmit laser wavelengths.

An appropriate figure of merit 3 K_ for channel separation which
takes these considerations into account can be defined as follows:

Pt

K (in db) = I0 log P_d

where Pt is the power of the transmit laser 3 and Pd is the response of the
receive channel photodetectors to light originating from the transmit laser

put in terms of equivalent signal power (i.e._ referred to detector sensitivity

at the signal wavelength).
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If the transmit laser power is Pt then

Pd = Pt ¢._t 7__t
c T
r r

where 7 r and 7t are the optical transmission at the receive wavelength and

transmit wavelengthj respectlvely_ ct is the detector quantum efficiency

at the transmit wavelength and £r is the detector quantum efficiency at
the receive wavelength.

It was shown in the Laser/Optics Techniques Project that channel

separation in excess of I00 db (I0 I0) can be obtained by dielectric multilayer

techniques. The LCSE requirements can therefore be met and comfortably

exceeded by:

• applying VLR coatings to lens L I

• employing the same highly efficient dichrolc

beamsplitter design used in the Laser/Optics
breadboard.

e incorporating a short-wavelength pass filter

design into the predetection composite stack
filter.

Dielectric Filter Considerations

Scattering from a dielectric multilayer coating on a conventional

substrate is partly caused by minute scattering centers in the coating itself

and partly by small cracks in the surface of the substrate. These cracks

develop during a conventional grinding process. They may be avoided to some

degree by following an assiduous grinding and polishing procedure. Evaporating

a low-scatter dielectric coating on such a "control ground" substrate helps in

obtaining a beamsplitter with the least attainable scattering 3 and for this

reason substrates prepared in this way will be used for the LCSE filters.

A variable field stop is located at the f/70 focal plane to re-

strict the field of view and act as an aperture for the scattered light. It

reduces the solid angle of scattered light rays - emitted from a scattering

center of the beamsplitter - which reaches the receiver light detectors, to

_/25 steradian at most. The converging lens system L2 (Figure 6_ page 21)
in front of the flne-guidance beam divider has an entrance pupil of 1.4 on.

As it cannot be located too far away from the besmsplitter for mechanical

stability 3 it will not reduce the received bundle of scattered light rays

any further than the 2 cm diaphragm in the f/70 focal plane.

The central area of the secondary mirror will ordinarily reflect

axial transient light rays back towards the receive light detector. This

i01
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area on LCSE will be made nonreflecting, and the absorber will be the surface

of the detector used to monitor transmitted light intensity.

Dielectric Multila_er Coatings

Reference is made in this discussion to Figure 6 page 21 which illus-

trates the location in the system of the following coating designs:

Dichroic Beamsplitter: This is the central
element of the optical system. It has the

properties of a color-sensitive mirror. Its

requirements are for high transmission at the

argon laser wavelengths and high reflectivity

at the He-Ne laser wavelength. The current

state of development of dielectric multilayers

for the dichroic beamsplitter is illustrated

in Figure 36. Designed for 45 degree incidence,

this beamsplitter is seen to transmit about

80 percent at 4880A and 5145A and only 0.I

percent at 6328_.

Very-Low-Reflectance Coatings (VLR Coatings):

A very-low-reflectance coating design tuned to

6328A is required for minimizing reflection from
the surfaces of the elements of transfer lens

LI. These reflectors consist in general of slightly
divergent beams tending to propagate at small angles

toward the receive channel photomultiplier. A

special design tuned also to the argon wavelength
will maximize the amount of argon beacon light

reaching the fine-guidance detectors. A reflect-

ance of an uncoated surface can be reduced from

about 0.04 to about 5 x 10 -4 at 6328A and to about

5 x 10-3 at the argon wavelengths.

Short-Wavelength_Pass Filter _SWPF_: This kind of

filter is located between the beamsplitter and re-

ceive channel detectors, and in practice is best

located immediately in front of lens L 2. It func-
tions as a final blocking filter to prevent surviving

transmit light from entering the receive channel.

Its required properties are similar to those of the

beamsplitter as it must reject red transmit light

by reflection and pass blue beacon light. A

special coating design was worked out for the

SWPF requirement in the Laser/Optics Techniques
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Project; its transmittance characteristics are

shown in Figure 37. The transmittance at 6328_

is o9 the order of I part in 105 . At 4880_ and
5145A the transmittance is seen to exceed 0.94.

These remarkable properties are due to a specific

design that enhances the transmittance in the

blue without sacrificing attenuation in the red.

The SWPF design is additionally useful as a long-

wave blocking filter in conjunction with a Fabry-Perot

type spike filter such as may be employed for pre-

detection filtering in the LCSE.

Spike Filter With Enhanced Red Suppression: The
receive channel is designed to incorporate a

narrowband spike filter centered on one or both

of the argon laser lines. This filter may be

located irmnediately in front of the decollimating

lens, L23 and either be a substitute for or be used

in conjunction with the SWPF.

Dielectric spike filters of conventional design

employ colored glass elements as blocking filters.

As a result of "sandwiching" absorbent filters and

dielectric substrates, optical quality and peak

transmission tend to suffer.

The LCSE spike filter will therefore be constructed

from purely dielectric stacks. This approach has

been successfully worked out and the transmittance

plot shown in Figure 38 has been obtained by a

design comprising four separate dielectric multi-

layer stacks: a Fabry-Perot type multilayer to

produce the principal narrow spike, a bandpass

filter centered on the spike wavelength blocks

the immediate side maxima of the spike and a long-

wavelength blocking filter and a short-wavelength

blocking filter are used. The remaining leakage

of unwanted light in the wings and, in particular,

the leakage at 6328A is determined by the blocking

filters. By incorporating the SWPF design for the

long-wavelength blocking filter, the transmittance

of the compound spike can be reduced to less that

10-7 at 6328_. As shown by Figure 38, the half-

width of one such all-dielectric spike filter is

about 25A and the peak transmission at 48804 is

58 percent.
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P.redetection Filter

A spike filter of somewhat narrower bandpass characteristics

is needed for the LCSE. Its design must be compatible with the ±1.5 degree

angle variation encountered in the flne-guidance region of the optical

system. ° This limits the mlnlmumwldth of Fabry-Perot type spike filter to

about 3A, and a width of 5_ allows for reasonable manufacturing and temperature

tolerances. The 5_ width is fully consistent with photometry considerations in

the LCSE.

The Fabry-Perot part of the predetection filter will either employ

the traditional thin mica spacer or will use a thin fused-sillca spacer con-

structed by the new technique outlined by Harrlot .* Bandpass blocking and

long and short wavelength blocking will be accomplished by the dielectric,

multilayer designs described. Single-substrate construction will be used.

Channel Ali_nment and Transmit Beam Offset Considerations

It is assumed that system focus has been taken care of by the pro-

cedure outlined on page 32. The problem remains as to how align-

ment of the transmit channel with respect to the receive channel can be simply

and accurately determined. Once mutual boresight has been established, it is

necessary to provide a mechanism to point the tranamlt channel away from this

reference. In particular the transmit beam must be offset from the receive

line of sight by as much as 36 arc-seconds to make up for the transit time

and Bradley effects over interplanetary ranges.

The best approach to the problem is the one that uses the least

number of components. Consider Figure 39 which illustrates the layout of

the two channels and imagine that we are looking into the beamsplitter in

the direction shown. The condition of mutual channel alignment is when, from

this point of view, an image of the equivalent f/70 laser source appears to

be exactly coincident with an imaginary f/70 diffraction image centered on

the apex of the image divider. Note that this is completely independent of

the rest of the optical system. The telescope and transfer lens merely serve

to magnify the diameter of a collimated axial bundle in the region of the

beamsplitter I00 times, from about 4mm to 400mm (16 inches), and to demagnify

ray angles in that region by the same amount.

There are two possible kinds of misalignment between the two chan-

nels; parallel displacement of the optical axes and angular mlsorientation of

the axes. The first of these is illustrated in Figure 40 and results when

the axis of the cone of diverging laser light in the transmit channel is not

coincident with the axis of the cone of converging light with the receive

channel. Since the receive channel axis coincides with the telescope axis,

then in the presence of this defect some marginal rays of the transmit laser

light are vignetted.

W

Harriot, D.R., Filters, Wave Plates I and Protected Mirrors , 50th Meeting,

Optical Society of America, Washington, D.C.

107



PERKIN-IELMER Report No. 8399

28 cm

_ _Equivalent f/70

Laser Source (6328_)

--_ L3

_4mm 3

Dichroic

Beamsplit ter

------28 cJ

Image

of Beacon

Figure 39. Basic Optical Elements for Channel

Alignment Conslderat ions

Effective

L 2

System Pupil

Figure 40. Illustration of Parallel Displacement

of Channel Axes.
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Since optional mapping of the laser output into the telescope

aperture requires some truncation, a nominal amount of vlgnetting can be

tolerated by the system. For example_ if when merged by the beamsplltter 3

the axes of the two channels depart by say 5 percent of the 4mm axial bundle

diameter 3 less than 5 percent of the transmitted light power will be lost

through vlgnetting which is not too serious. Related back to a positioning

tolerance on the laser_ this means that the axis of the laser must be located

to within a suitable fractlon_ say ±5 percent 3 of the output beam diameter.

Typical He-Ne lasers have an output beam diameter of a few millimeters.

Taking 3mm as an examplej an appropriate positioning tolerance for

LLL= laser axis is ±O.i5mm (±0.006 inch). This is a liberal mechanical

tolerance and shows there should be no need for post-launch reposltlonlng

of the laser axis in a spaceborne optical communications system.

What about angular misallgnment of the channels? Assuming the

receive channel to be the reference once agaln_ to an observer looking into

the beamsplltter as in Figure 39 this defect causes the image of the trans-

mit laser source to form off center with respect to the apex of the fine-

guidance image divider. If this relative image displacement equals the dia-

meter of an f/70 diffraction dis% then the transmitted beam will be mls-

pointed by an amount equal to the diffraction cone angle of the primary mirror

if the system is diffraction-llmlted. Back on the earth the center of the

beam will miss its mark by one full beam diameter. Smaller misalIEnments will

have correspondingly smaller effects and less important consequences.

As a reasonable tolerance for this form of mlsallgr_nent_ let us
demand that the transmitted cone of light shall be pointed with an absolute

accuracy of ±i0 percent of the cone angle.

To the observer of Figure 39 this means that the center of the

equivalent f/70 transmit laser image must lie in a circle that is centered on

the apex of the image divider and that has a radius of I0 percent of an f/70

diffraction-llmlted image. Assuming the image diameter to be equal to the dla-

meter 3 D 3 of the first dark ring of the Airy pattern_ which is given by the
formula

D = 2.44 A f

where A is the wavelength of operation and f is the final f-number of the

system_ the image position tolerance amounts to ±0.011mn (±0.0004 inches).

This is also the lateral positioning tolerance of lens L3 shown in Figure 39

and in Figure 6. An equivalent statement is that the axis of the transmit

laser beam must be oriented with an angular accuracy given by the ratio of

±0.Ollmm to the focal length of _33 which in our case in 250mm. The angular
tolerance is therefore 4.4 x i0- radians (9.5 arc-seconds). (Note that this

corresponds to about I/i0 arc-second on demagnlfication by the 16-1nch aper-

ture telescope.)

The post-launch aliEnment tolerance of ±9.5 arc-seconds in the

general region of the transmit channel possible can be met by rigorous mechan-
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ical design alone. However, fairly long optical pathlengths are involved as

are components of substantial mass (such as the laser itself).

These factors may unduly complicate the problem of space quali-

fication of the system and are likely to necessitate some form of backup

post-launch alignment equipment. The same equipment is needed in any event

to perform the important diagnostic function of measuring, on ground command,

whether the channels are aligned correctly.

Technique

An attractively simple technique to measure, and therefore to

readjust, the relative angular alignment of the two channels becomes feasible

as a fortunate consequence of using the channel separation technique developed

in NAS8-20115. Only one additional optical element is required - in this

case a cube-corner prism. Advantage is taken of the residual sensitivity of

the receive channel to light originating from the transmit channel. This

technique is illustrated in Figure 6 and is planned for the LCSE.

The cube-corner prism is located in the unused region behind the

dichroic beamsplitter and is ordinarily blocked by a retractable shutter.

When the shutter is withdrawn, the small amount of collimated transmit laser

light passed by the beamsplitter is reflected directly into the receive channel.

This light is further attenuated by the predetection spike and/or SWPF and

the remainder converges to a focus at or near the apex of the image divider.

If the additional attenuation is only as much as dictated by the channel

separation requirements, then the image will be bright enough so that its

position can be measured by the fine-guidance photomultiplier. To the extent

indicated by such a measurement, the image can then be centered by a lateral

translation of lens L3 or alternatively by means of the Risley prisms.

Methods for Offsetting the Transmit Beam

The same optical or mechanical elements that are used to make

the axis of the transmit channel collinear with the receive channel are used

to offset the transmit beam and compensate for Bradley and transit time effects.

The amount and direction of forward bias can be controlled by either

(i) translating the transmit laser collimating lens, L3,
in its plane or,

(2) manipulating a pair of Risley prisms situated between

this lens and the dichroic beamsplitter.

The lateral motion required in the current breadboard system by (I) is about

0.0004 inches per i/i0 arc-second of post-telescope beam offset. The angular

NAS8-20115, Loc. Cit.
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deflection required by (2) amounts to about i0 arc-seconds at the Risley

prisms to offset the beam transmitted by the telescope by I/i0 arc-second.

The transmitted beam can be offset 30 arc-seconds by translating L 0.12

inch_ or by wedging the optical path with the Risley prisms 3 by 5_ arc-

minutes.

By either method_ the zero bias reference is the lens position or

the Risley prism adjustment determined by the initial channel allgr, nent pro-
cedure.

Risley Prisms for Point Ahead

The accuracy required for the mechanization of the Risley Prism

Point Ahead Subsystem has been developed for LCSE by error analysis. The

results of the error analysis indicate that the main roll error contributions

are due to gearing between the Risley ffcism elements and their associated

angular position sensors 3 and due to conversion errors associated with changing

digital input commands to shaft rotation form. For the assumed conditions, an
algebraic summation of roll error indicates a 0.094 arc-second transmitter

line-of-sight error at a maximum point ahead angle of 50 arc-seconds. At

smaller point ahead angles 3 the line-of-sight errors are (not quite proportion-

ately) less. In contrast_ the variation of expected transmitter LOS error is

nearly independent of offset angles between 15 and 165 degrees. It should be

noted that errors; in actual practice 3 will be less since peak additive errors

do not occur simultaneously except for a vanlshingly small statistical probability.

The Risley prism servo system is shown in Figure 41. The arrange-

ment features two data conversion units to convert ground commands of point

ahead from digital to analog form and a servo to drive each Risley prism element.

Also shown is the two-axis, servo driven Sun Tracker whose output error signals

control spacecraft pointing during the beacon search roll maneuver, and which

tracks the sun during beacon track while providing ATM roll compensation

signals to the Risley prism elements. Operation of this subsystem is described
below.

During alignment_ the zero ground point ahead information is trans-

mitted and the Sun Tracker is used to obtain zero position of the cross offset

gimbal axis. This operation removes vehicle roll information inputs to the

Risley prism subsystem.

The error signals produced by the tracking photosensor (6328_

reflected from the corner cube in Figure 6) are sent to the ground via radio

link. The ground operator then controls the point ahead information commands

to obtain an alignment condition as indicated by a reduction of the tracking

error signals to zero. The resulting ground commands store the in-fllght

optical aligr_nent errors for future use. Later in the operation_ the point

ahead requirement will be modified by this stored information. For acquisition,

the sun will be acquired by the Sun Tracker. The Sun Tracker is next offset

by slowly introducing the proper ground offset angular command and the roll

search maneuver is executed until the telescope 1 degree field acquires the
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beacon. During subsequent beacon tracking, the ground commands still control

the Sun Tracker offset angle* while the Sun Tracker nulls its cross offset

axis error signal by driving this axis. Since the Sun Tracker axis is chosen

parallel to the teiescope's line of sight, the angular deviations of this axis

are equal and opposite to the vehicle roll errors and can be used to correct

the Risley prism.

Each Risley prism element is separately driven to an angle corre-

sponding to that required by the control transmitter (CX) in the associated
c_._-_and conversion unit. The -- __I_ve_L=_== roll angle correction is introduced to

both elements via the two control differential transmitters (CDX) whose mechan-

ical input is from the Sun Tracker's cross offset gimbal axis.

The sources of error in this system include the following:

Beacon Tracking Error Effects

Sun Tracking Error Effects

Risley Prism Positioning Errors

Alignment Correction Errors

Point Ahead Scale Factor Errors

Ground Computation Errors

Sun Tracker-Telescope Alignment Errors

Consider the magnitude of the roll _rror from the first two items

listed above. Refer to Figure 42. The roll error due to beacon tracking errors

can be expressed** as

= _ _o,:_o =_ oo,:_o

where k B is beacon wavelength

D T is the telescope aperture diameter

S

is the signal-to-nolse ratio corresponding to the telescope servo
equivalent noise bandwidthj and _o is the angular subtense between

the sun and the beacon as seen at the vehicle (i.e_ offset angle).

and _T is the beacon tracking error.

*An alternate procedure could have the orientation controlled by nulling the Sun

Tracker offset axis error signals.

**This expression is derived in Engineering Report 8387.
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Figure 43 indicates that the roll error induced by a 0.1 arc-second

beacon tracking error is very small over a wide range of _o"

Figure 43 shows the roll error due to a sun tracking error, Z_, of

5 arc-seconds (this corresponds to the Sun Tracking accuracy speciflcatio_

of the AOSO vehicle). This curve was developed from the expression*

_S = Es i

sin _o

The curves indicate that beacon tracking induced errors are negligible

and that solar tracking induced errors_ for the assumed conditions, approach

1/2 arc-minute at a I0 degree offset angle. At 15 degrees, which is a conserv-

ative estimate of the minimum offset angle, the error will be nearly 1/3 arc-
minute.

Risley prism posltlonlng errors are predominately due to data

conversion errors, CX-CDX-CT chain error, and gearing errors between the prism

elements and the CT sensors. Taking a data conversion error of I arc-minute,

40 arc-seconds _ror for a chain of Kearfott size 15 type CT9-09 units, and
1.5 arc-mlnutes of gearing error leads to a maximum prism element positioning

error of nearly 3 arc-mlnutes.

The prism point ahead magnitude errors due to these angular

positioning errors can be obtained from the expression (refer to Figure 44).

6 = 2 61 cos p-2 = 2 61 cos y

where 5 is the prism induced angular beam deflection

and

51 is the deviation of each prism

is the angle introduced between the prisms with _ = 0 corresponding

to prism alignment to maximum deviation.

Maximum angular deviation errors due to incorrect _ inputs can be found by

differentiating, i.e.#

* Perkin-Elmer Engineering Report 8387

** Systematic errors can be determined prelaunch and calibrated out.
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Assuming that the Risley device must have a range of 50 arc-seconds

(equivalent LOS angle) then 51 must be 25 arc-seconds and, hence_ the magni-

tude of prism deviation error due to _ errors is given by the relation

d5 arc-seconds arc-seconds

d-_ : 25.0 tad = .00728 arc-mlnutes

Prism point ahead angular errors due to angular positioning errors,

assuming both pris_Sdriven together 3 will be equal to the angular positioning

errors; i.e.•

i arc-minute polnt ahead dlrection error )arc-minute error in prism rotational orientation

Hence• if both elements are in error by 3 arc-minutes in the same

direction• the point ahead direction will be in error by 3 arc-minutes. On

the other hand if the directions of the error oppose7 a point ahead magnitude

error of .044 arc-seconds will result. (Refer to Figure 45). A similar

analysis can be performed to estimate the errors involved in determining

initial alignment errors.

Let it be assumed that a 1-arc-second alignment error exists and

requires a setting of

5 = 1 arc-second = 2 51 cos 2

-I I
or _ = COS --

2 50

= 88.9 °
2

The deviation error due to _ error is given by

A_ = -61 in _ _ -61 A_

Hence magnitude error can be expressed as before by 0.00728

angular error can be expressed by 1 arc-minute .
arc-mlnute

arc-second

arc-minute
while

The alignment magnitude correction can be determined within an
error of 0.044 arc-seconds with a direction error of zero under one extreme

set of circumstances. Under the opposite extreme• the magnitude will be

correct but the direction will be in error by 3 arc-mlnutes. This can result

in a roll error under point ahead conditions which varies with 0p but is
equivalent to a 0.044 arc-second transmitted LOS error (see Figure 46).
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Point ahead scale factor error arises because the Risley-prism-

produced beam deviations do not result in equal line-of-sight deviations;

i.e._ the transmitted line of sight will be deviated angularly by an amount

equal to the Risley prism deviation times the ratio of the transfer lens

focal length to the "primary-secondary mirror combination" focal length.

While the optical system can be calibrated prelaunch at any given temperature

to determine the focal length ratio and therefore the Risley prism scale factor_

operation aloft involves temperature differences between optical elements.

The amount of scale factor change due to temperature differences is expected

to be small. For example_ if the primary and secondary mirrors differ by 10°C

from the other optical elements_ the change in focal length ratio will be in

the order of .01%; i.e._

where

A (fl) = _ AT (fl)

is the temperature coefficient of expansion of the optical

elements (assumed as 10ppm corresponding to quartz)

and

Hence

AT is temperature difference

fl is nominal focal length.

= 10°C x 10-5 P/°C = 10 -4 = 0.01%
fl

I
I

I
I
I

I
I
I

This means that a 50 arc-second Risley prism produced point ahead

magnitude will be in error by only 0.005 arc-seconds. This value is small enough

to introduce negligible roll errors; viz_ a I arc-second misalignment will be
subject to ±i0- arc-second scale factor error. Under a 50 arc-second point

ahead command_ the resulting roll error could be as large as

10 -4

5O
_ x 57.3 x 60 = 0.00687 arc-minutes

Focal length ratio changes associated with removal of "g" loading

will be evaluated by calibration procedures performed in the early part of

the LCSE flight. No attempt has been made to evaluate ground computation errors

since these can be small compared to the errors listed above. Moreover_ the

Sun-Tracker alignment errors are considered as detectable and correctable during

initial operation at short ranges.

Table VIII summarizes the sources of error and indicates the assumed

conditions and the resulting roll error contributions.

The total error can be expressed in terms of vehicle transmitted

beam pointing error due to r011 error; i.e._ if _ is the point ahead magni-

tude in arc-seconds_ then the transmitted line of Psight will have an error

of approximately:

0 3.4 R 1

P arc-seconds
•044 + 57.3 x 60
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SOURCE

TABLE VIII

ROLLm_pRs

ASSUMPTION
ROLL

ERROR CONTRIBUTION

I
I
I

I
I

Beacon Tracking Error

ou. Tracking Error

Risley Prism

Element Positioning

A. Data Conversion

B. Synchro Chain

Co Gearing Between

Element and Assoc.

Synchro

0.I arc-second beacon

tracking error

5 arc-seconds sun**

tracking error

i arc-minute conversion accuracy

40 arc-seconds error in chain

1.5 arc-minute gearing error

0.4 arc-second

< 1/3 arc-minute

I
I

I
I

I
I
I

I

Sub Total

Alignment Determination
Error

Point Ahead Scale Factor

Error

• . 3 arc-minute/element

1 arc-second alignment cor-

rection required

Primary and secondary mirrors
IO°C different from rest of

optics.

3 arc-minutes/both

elements

an I O.044 , where e
ep P

lis point ahead magnitude

n arc-seconds.

Does not introduce

significant roll

errors

Ground Computation Error (Assumed negligible)

Sun-Tracker-Telescope

Aligrmment Error
(Assumed removable)

Total Roll Error in

arc-minutes
... [3.4 + (tan -10"044sec)_57.3x60_ _
-- ep

max.

At a 15 degree offset angle; errors will be less at greater offset angles-.

Assuming removal of systematic errors.
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which is shown in Figure 47 as a function of 0p. It is seen that alignment

determination error (0.044 arc-seconds) predomlnates when point ahead magni-

tudes are small 3 while for large point ahead magnitudes 3 Risley prism position

errors become significant.

Adjustable Field Stop Mechanism

The field of view or the receive channel can be restricted by the

variable aperture illustrated in Figure 6. The actual mechanism can consist

of a motor-driven iris diaphragm and should be located as close as possible

to the f/70 focal plane. The design must be fail-safe in the sense that in

case of component malfunction a spring can be triggered to open the diaphragm

permanently to its maximum size. The maximum opening is determined by the

diameter of the 2-minute field at f/703 which amounts to 0.65 inches. To

restrict the FOV to i0 arc-seconds minimum_ the corresponding minimum opening
is 0.054 inches.

Laser Coupling Optics

It is useful to consider techniques for maximizing the energy in

the central portion of the far field pattern. One can map the intensity dis-

tribution at the output of the satellite laser assumed radiating in a dominant

single transverse TEMoq mode_ into a more efficient intensity distribution in

the far field. Such a mapping may be accomplished by using aspheric elements*.

These elements allow one to transform a given phase and amplitude distribution

from a coherent light source into any other phase and amplitude distribution

with minimum energy loss as long as the principles of geometric optics can be
applied.

It is recommended that further work be done to establish the de-

tails of such a mapping implementation. This will consist of first determining

the Fraunhofer pattern for a circular Gaussian field restricted by an annular

transmitting aperture 3 and then determining the far field pattern obtained by

the optimal energy and phase laser light redistribution technique.

Beam Spoiling Component

The purpose of this subsystem is to widen the transmitted beam

from the 0.I arc-second diffraction limit to a width of several arc-seconds.

This operation is necessary as a backup to the point ahead subsystem.

Kreuzer 3 3. 3 "Laser Light Redistribution in Illuminating Optical Signal

Processing Systems" 3 Ch. 22 of "Optical and Electro-Optical Information

Processing"_ M.I.T. Press_ 1965.
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The technique chosen is to vary the separation between two similar lenses with

coincident focal points. This approach was chosen because of the following

reasons:

The distances to be moved for the focal lengths

chosen are of the right magnitude for existing

types of position servomechanisms.

• This type of system can readily be made to re-

quire zero power for any stationary lens setting.

Since the component is located in a region of a

small pencil of collimated light, the surfaces

can be spherical without introducing significant

aberrations.

A diagram is shown in Figure 48 along with the equation relating

the beam bending_ interlens spacing, and the radius of collimated bundle.

However_ the deviation of the transmitted beam is about a factor of 200 less

than this because of the demagnification of the telescope. For the parameters

listed in Figure 48 the result is:

Beam divergence - 25' 2 _ 1.6 x 10-2
200 - dr'

200

= 1.6 x 10-4 dt' rad

A8 =
1.6 x 10 -4

0.5 x 10 -5

dt = 32 dt' (seconds)

where

dt' = measured in millimeters.

For spoiling to 3 arc-seconds (approximate amount of point ahead)

it would require moving the lens about 0.i mm from the nominal 5 cm spacing.

Wollaston Prism

To achieve redundancy in the transmit laser, two independent sys-

tems are incorporated. The only problem with using two lasers is to combine

their output beams along the same optical axis. If this were accomplished by

partial reflection (i.e., beamsplitter) it would result in a 50 percent power

loss since, ideally, only half the power travels in the desired direction.

The approach used in the LCSE program is to mount the lasers in the structure

so that their beams are incident at the proper angles with orthogonal polar-

izations on a Wollaston prism. Wollaston prisms are generally used to split
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an unpolarized beam into two components with orthogonal polarizations; ob-

viously they can be used for the reverse purpose. The angular separations

of the incident beams depend upon the prism design and are typically tens of

degrees. Since the prism requires each of the incident beams to have a spe-

cific plane polarization_ the modulation must take place further along the

transmitter channel. This technique is highly efficient and results in a few

percent loss which is included in the overall system loss calculations.

i

I

I

I

I

I

I

I

du' 4x
d-q-= 2

t

x = Radius of Collimated Beam = I mm

t = 5 cm (2.5 cm Focal Length Lenses)

Figure 48. Optical Layout for Beam Spoiler
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LCSE LASER SELECTION

The selection of the laser itself is a particularly difficult task

because of the rapid change in laser technology. It is almost certain that by

the anticipated launch date of 1969 the laser system selected at this time will

not be optimum. However, ground rules for choosing the laser system were formu-

lated:

The LCSE laser must have sufficient power to collect

engineering and scientific data for space optical

conm_unication from synchronous altitude (23,000 miles).

The LCSE laser must be within the state of the art

of laser technology today (1966).

The LCSE laser must be suitable for space qualifi-

cation, and have a two-year operational life in

space.

It must represent an optimum choice in terms of

systems requirements including: weight; power,

cooling, and detectability (wavelength).

The laser candidates considered for the LCSE are:

Helium-Neon

o This laser oscillates in many wavelengths; the principal ones be-

ing 6328A, 1.15B, and 3.39_. The 1.15_ transition and the 3.39_ transition

both have higher gains than the 6328_. However, S-20 photomultipliers operat-

ing with 6328A offer a relatively high quantum efficiency (8 percent). For an

S-I photomultiplier operating at 1.15_, the quantum efficiency is lower by a

factor of 40 and detectors at 3.39_ are even worse. Power outputs for single

frequency systems are typically 0.5 milliwatt and can be 100's of milliwatts

for multifrequency, single spatial mode lasers. The output is diffraction-

limited_ and heterodyning experiments can be done with the laser. Since the

active plasma is a low-pressure discharge, these lasers have long and stable

operating lifetimes. The cooling and power requirements are modest and tnm

laser lends itself to space qualification. Calculations have shown that this

laser has sufficient power for high data rate communication from synchronous

altitude 3 but the laser power becomes the key limitation for deep-space missions

using helium-neon laser transmitters.

Argon

The argon laser system operates in many wavelengths also, the prin-

cipal ones being 4880_ and 5145_. The advantages of an argon laser are the

high output powers (typically i to I0 watts) and the high quantum efficiency

of detectors in this part of the spectrum (typically 20 percent). The output

from this laser is diffraction-limited and operation in single spatial mode is

common. The argon laser suffers from several disadvantages for use in space,
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which do not preclude its use as a ground-based beacon. First is its poor

efficiency (typically 0. I percent) and high threshold power requirements. Thresh-

old input powers _or typical tubes are on the order of a kilowatt. Second,

the high current densities in the active region require liquid cooling for CW

operation. Associated with the high current discharges are problems of gas

clean up and bore erosion which limit the life of a sealed system to below

i00 hours.

Carbon-Dioxlde

........ _ _L_ar=c_=_io_cs of these lasers are the very high ef-

ficiencies (up to 40 percent), and high output powers available (in excess of

i00 watts CW). The radiation is at i0.6_ and there is a severe shortcoming in

a i0_ laser communication system. The problem is the lack of a wide bandwidth

(megacycle) detector at this wavelength. Megabit modulators at I0_ are also a

problem in today's technology. To achieve the high efficiencies reported for

CO 2 lasers_ they must, at present_ operate with gas flow systems (undesirable

in a space system).

Gallium-Arsenide

The output frequency of this laser is a function of temperature and
varies between 8400A at 77°K and 9000_ at room temperature. Its efficiency is

in excess of 50 percent and solid structure would lend itself to space qualifi-

cation. There are 3 however 3 several disadvantages to the gallium-arsenide laser

which make it undesirable for space communication at this time. First, at CW

power levels, there is a wavelength variation due to temperature. This pro-

hibits use of extremely narrowband optical filters. Quantum efficiency of

detectors at 8400A is only 0.4 percent. Also_ the gallium-arsenide laser has

a very small rectangular radiating aperture. This would require more complex

cylindrical optics for achieving diffraction-limited performance of the radiat-

ing aperture. A most attractive feature of the diode laser is the ease of

modulation by modulating the diode current. However, until improvement is made

in the control of wavelength, this system is not considered a sound choice for
this mission.

Ruby

o Ruby crystal lasers have been operated CW with water cooling at

6940A. The efficiency of the laser is about 3 percent and input power levels

are on the order of I kilowatt. Detector efficiencies at this wavelength are

typically 2.5 percent. Ruby requires optical pumping and the laser subsystem

would be fairly complex. For these reasons ruby is not considered a good

choice for space communications.

Neodymium in YAG

This solid laser has been operated CW with output powers of 200

watts. It has also been operated CW with sun pumping with an output of i

watt. The output wavelength is 1.06B and the best detectors at this wavelength

have quantum efficiencies of 0.i percent. The efficiency of this laser is about
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5 percent with selective pumping and 0.01 percent when solar pumped. It re-

quires liquid cooling and operates at room temperature. The output wavelength

is a function of temperature and the output spectrum is several angstroms wide.

Because of these problems_ it is not considered a good choice for the LCSE.

LCSE LASER SELECTION SUMMARY

To perform the optical communication experiments from synchro-

nous orbit and utilize techniques applicable for deep-space mission_ the helium-

neon single frequency laser appears to be the best choice at this time. This

choice is based on several factors:

• Helium-neon is the best developed of all laser

systems. To build a space qualified laser will

require new engineering design_ but little funda-

mental investigation.

• The low-pressure gas discharge has an inherent

long life and reliability. The small amount of

heat developed (about 5 watts) can easily be

dissipated by radiation cooling.

• By employing a phase-locked laser system on the

ground it will be possible to perform a heterodyn-

ing experiment with no additional components in

the spacecraft. This experiment sets the single

frequency requirement.

• As new laser systems are invented and existing

lasers and detectors are improved_ future missions

will be able to employ them without changing the

basic system. This allows the data and experience

of this mission to be applied to the design of

future deep-space missions.

THE LASER MODULATOR

The selection ofsn LCSE modulator to be used with the helium-neon

laser represents a compromise hetween several alternatives each possessing

special advantages. The basic ground rules for choosing this component were:

• It must be suited for use in a PCL/PM communica-

tion system with a helium-neon laser.

• It must be of sufficient optical quality (both

homogeneity and surface finish) so as not to

degrade the diffraction-limited performance of

the optical system.
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• It must be compatible with the entire system and

represent an optimum choice in terms of: weight,

power requirementj and cooling.

• It must operate in a broadband configuration up

to data rates of 107 bits per second.

The possibilities considered for the LCSE mission included most of

the modulators in use today. Modulators requiring mechanical shutters or

llquid-filled cells were disqualified for obvious reasons. Modulators con-

sidered for the LCSE include those discussed below.

Linear Electro-Optic Effect (Pockels)

This type of modulator is co_nonly used in three configurations:

the single crystal modulator_ the multipass modulator_ and the multicrystal

modulator. The only strain-free crystal available in reasonable sizes is KDP

and only this material was considered. For a typical E_P crystal the half-

wave voltage is about 2 kv. The capacitance of these single crystals is on

the order of i0 picofarads which requires driving powers on the order of a

kilowatt for broadband operation over a I07 cps bandwidth.

The efficiency of the modulator can be improved by having the beam

make multiple passes through the crystal using an optical system. This results

in a reduction of driving power since the effect depends on the path length in

the crystal. This technique is not considered suitable for the LCSE mission for

two reasons. First is the need for all passes through the modulator to be

parallel to the optic axis to reduce the effect of zero field birefringence.

The second is the variation of strain induced birefringence across the crystal

which tends to cancel the effect of multiple passes.

The third configuration is the multicrystal modulator. The most

commonly used is the bi-crystal modulator. This consists of two KDP crystals

optically in series and electrically in parallel. The crystals have their axes

rotated with respect to each other by 90 degrees 3 and a half-wave plate is em-

ployed between them. This configuration has several advantages--first_ by using

identical crystals the natural birefringence is cancelled. The second is the

elimination of the temperature dependence of the operating point. Two KDP

crystals (2x2x25 mm) used this way have a half-wave voltage of 310 volts. The

electrlcal power required for a 107 bi_ rate with the bi-crystal configuration

is about 25 watts.

_uadratlc Electro-Optics Effect

Several materials such as K_N have been used recently as modulators.

The materlals 3 because of their quadratic effect_ require very low-driving

voltages and powers. For a typical K_N crystal (Sx5x5 mm) the half-wave volt-

age is about 40 volts. In spite of the tremendous modulation efficiencies of

these materials they are not suited for use in a diffractlon-limlted optical
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system. It is extremely difficult to grow KTN crystals with high-optical

quality; and, to date_ no suitable crystals have been reported.

Internal Modulation of the Laser

Any scheme contemplated to internally modulate the laser would be

limited by the high Q optical cavity. Typical cavity Q's for gas lasers are
on the order of 108 and modulation above one or two hundred milocycles are

not possible.

Piezoelectric Modulators

These modulators are limited in frequency response to about 5 mega-

cycles when used in thin total reflecting plates. Other configurations such

as interferometric piezoelectric modulators* do not lend themselves to PCM/PL

as readily as the KDP modulator.

LCSE MODULATOR SUMMARY

The best choice of modulator for the LCSE is the KDP bi-crystal

modulator. Several modulators of this type are available con_nercially** and

have been constructed at Perkin-Elmer (NAPS, a laser camera system). Data

rates of 107 bits per second will be achieved with a power consumption below

50 watts. These modulators will have sufficient optical quality so as not to

degrade the diffraction-limited performance of the system. The built-in re-

dundancy in a bi-crystal modulator is appealing for a space vehicle. The

failure of a single crystal will only result in partial modulation but not

disable the entire system. Since modest amounts of power are required_ engi-

neering of cooling provisions will not require exotic solutions. Space quali-

fication of a bi-crystal modulator does not present serious difficulties.

TEST SIGNAL GENERATOR FOR LASER COMMUNICATIONS

A data source with a megabit digital output is required during

initial testing of the PCM/PL data link. To have an accurate knowledge both

of the number of errors and the distribution of these errors, the earth re-

ceiver must have a priori knowledge of the data which is transmitted from the

satellite. Because of bandwidth limitations 3 it is impossible to generate a

test bit sequence on the earth, transmit it to the satellite via microwave_

and return it to the ground via the optical link. Also, a tape recorder with

a continuous tape is a poor choice for the data source because of problems

in space qualification.

*of the type developed by North American Aviation

**Sylvania
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A pseudo-random shift register code generator is easily space

qualified and requires little power or volume. This device is basically a

series of n registers in series with feedback. By judicious choice of the

feedback connections_ a bit sequence of 2n-I bits is generated. This output

sequence is then repeated indefintely. For example, if an eleven-stage

pseudo-random shift register were used_ a bit sequence of 2n-I = 2047 bits

with a period of approximately 2 milliseconds will be generated in the megabit

system. A larger number of registers will increase the period of the sequence.

An identical shift register will be in use at the ground station.

A_e_+_ initial .... k_,_o+_ the _"+_"+ _ the ground sh_f _ _ebls_eL_" _ _ ,,_11w,_

be compared on a bit-by-bit basis. This procedure will yield both the average
bit error rate and the time distribution of the errors.

Minimal development is required because both the digital circuitry

and the mathematical theory of choosing the correct feedback connections are

readily available.

PCM ENCODER

To verify the operation of key components and to gather data re-

quired for analyzing the performance of the LCSE system in spacej various

parameters will be measured and the results sampledj digitized_ and multi-

plexed for telemetry to earth over the microwave link. Some of the diagnos-

tics may require up to 30 analog inputs (e.g. 3 temperature sensors). The

total channel capacity for these diagnostics has been estimated to be about

250 bits per second. This channel capacity would accommodate I00 analog

inputs. Approximately one third of the channels would be sampled every sec-

ond and the remainder sampled every 15 to 30 seconds. In addition_ the out-

puts from both the summation (scintillation data) and difference (fine track-

ing data) circuits following the fine guidance photomultipliers must be tele-

metered to earth. The scintillation data and tracking data will have analog

bandwidths of i00 and 30 cps_ respectively. Digitizing these signals and

multiplexing them with the 250 bit per second diagnostic bit stream will yield

a 1.5 Kcps telemetry requirement for the LCSE.

For the PCM/PL data at 106 and 107 bits/second_ raw video (analog)

will feed the PCM encoder and the output of PCM encoder will drive the PCM/PL

modulator in the laser transmitter. There are PCM encoders suitable for the

LCSE mission available from other space programs.

SUN TRACKER (FOR ACQUISITION AND ROLL REFERENCE FUNCTIONS)

The initial acquisition function of the LCSE requires the sequential

use of the Sun Tracker. The Sun Tracker must assist in the orientation of the

telescope so that the earth argon beacon will be visible in the 1-degree field

of view of the coarse guidance.
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The Sun Tracker must also be used to give the rotational reference

for the communication link point ahead. In the LCSE simulation of the deep-

space point ahead experiment_ the rotational angle about the line of sight

must be known to a value which varies from 0.056 to 2.26 degrees. The accuracy

requirements of the Sun Tracker for point ahead experiments must be better

than these numbers. For example 3 the ITT Federal Laboratorles have developed

a Canopus star tracker which has a 20 mm f/l optical system and 15 arc-seconds

tracking accuracy. The specification for the LCSE Sun Tracker are within the

present state of the art even though the object tracked is the sun and not a

point source (star).

The specification (for roll reference) to be met by the LCSE is

dependent upon the specific experiment to be performed. The requirements are

summarized in Table IX.

TABLE IX

ROLL REFERENCE REQUIREMENTS

I

I
I

I
I

I
Function

LCSE Laser Communication

Experiment

LCSE Station Transfer

Experiment

LCSE Simulation Experiment

of Deep Space Point Ahead

Requirement

LCSE Simulation Experiment

of Deep Space Conmnunica-
tions

Point Ahead

Angle

3.58 arc-seconds

maximum

8 arc-seconds

50 arc-seconds

Roll Reference

Specification for LCSE

Assuming Zero Pointing Error

± 2.26 °

± 0.45 °

± O. 16°

36 arc-seconds ± 0.056 °

I
I
I

I
I

TELESCOPE STRUCTURAL GROUP

The structural configuration of the proposed instrument is to a

large degree influenced by the nature of the various components within the

instrument, by their relative sensitivity to dynamic environments, and by the

required accuracy of their respective locations.

At the outset, it is evident that the instrument necessarily in-

cludes a number of components requiring at least some degree of protection

from the dynamic environments imposed by the launch vehicle. The primary

mirror_ the quartz rods separating the primary and secondary mirrors_ the

transfer lens assembly 3 the laser assemblies, and the photomultiplier tubes
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are in such a category. A fundamental decision, therefore, is whether to

rigidly mount the overall package and provide shock and vibration protection

for individual components as required, or, alternatively, to mount the whole

instrument on isolators and thereby minimize the need for protection of indi-

vidual components.

Since the number of components requiring protection is apprecia-

ble in this instance, and since there is no requirement for precise align-

ment of the instrument with respect to the spacecraft, the latter approach

proves to be most advantageous. Hence, the structural configuration described

in subsequent paragraphs consists in essence of a cylindrical package which is

protected by vibration isolators from excessive dynamic inputs and within which

most of the individual components are rigidly mounted. This approach has the

following advantages:

By attenuating dynamic inputs external to the pack-

age, structural requirements throughout the instru-

ment are materially reduced, with consequent re-

ductions in weight and inertia.

• Hard mounting of most components within the package

eliminates most of the mechanical complexity and

associated reliability considerations otherwise

introduced by caging devices, isolators, and align-
ment mechanisms.

• Hard mounting of most components on rigid locating

structure provides maximum assurance of continued

optical alignment.

As will be described, a departure from the concept of hard-mounted

components is warranted in the case of the secondary mirror assembly and its

positioning elements. In this instance, the optimum operational configuration

is not consistent with launch requirements, even with isolation of the entire
instrument.

The following paragraphs outline from a structural point of view

the important characteristics of the various components of the proposed instru-

ment. Reference is made to Figure 49 for identification of components and

illustration of the overall system.

Tube Structure

The major structural component of the proposed instrument is a ring-

stiffened aluminum tube designed to support and enclose the internal components

and to provide the necessary external attachment points. As shown in Figure 49,
the wall of this tube is of sandwich construction or could be of the welded

truss-core configuration employed for the telescope tube of the OAO Princeton

Experiment Package. As will be described subsequently, however, the optical

133



PEFIKIN-ELMErJI Report No. 8399

alignment in the proposed LCSE package is virtually insensitive to hysteresis

effects or thermal distortions of the tube. Consequently_ a variety of struc-

tural designs and fabrication techniques are available which otherwise would be

unacceptable. Final selection of an optimum configuration would represent

economic and manufacturing considerations as well as detailed structural analysis.

Included in the basic structural package are two honeycomb sandwich

bulkheads in the positions shown. These bulkheads provide mounting surfaces

for the instrument package to be described in subsequent paragraphs 3 and mate-

rially reduce the stiffness requirements for the reinforcing rings to which they

are attached. They also provide convenient mounting platforms for electronics

packages and other ancillary equipment.

The two bulkheads are stiffened in the axial direction by four

radially oriented shear webs which divide the space between bulkheads into

four identical compartments. The resulting combination of outer tube_ bulk-

heads 3 and stiffening shear webs results in an efficient and rigid structure

which_ at the same time 3 provides convenient equipment bays and is conducive

to installation of generous access panels.

The aft end of the tube_ already amply stiffened by the aft honey-

comb sandwich bulkhead 3 is closed by a removable_ nonstructural 3 spun or drawn

light-alloy cover.

The forward end of the tube includes another honeycomb sandwich

panel of annular planform. This panel stiffens the front end of the tube 3

provides the required aperture for the optical system 3 and provides mounting

points for the hinged sun shade/lens cap_ which also is of honeycomb sandwich

construction.

Included at appropriate points on the main tube_ as shown 3 are

fittings for the gimbal pivots and attachment points for the isolation mounts

which support the package in the launch or stowed condition.

PRIMARY MIRROR MOUNT/INSTRUMENTATION HOUSING

The primary mirror and the majority of the rest of the key compon-

ents of the system are mounted in or on a rigid assembly which in turn fastens

directly to the forward and aft sandwich bulkheads described above.

The structural portion of this assembly includes a number of com-

ponents, the largest of which is a light-alloy casting of essentially cylindri-

cal configuration with a flange permitting direct attachment to the forward

bulkhead. This lightweight casting provides the required locating surfaces

for the hub-mounted primary mirror_ as shown. It encloses and provides attach-

ment points for the coarse acquisition fiber optics bundles and phototubes, as

well as for the transfer lens and its driving motor and caging mechanism.

A flanged hole on one side of this casting provides the mounting

surface for a separate subassembly which includes the dichroic beamsplitter,
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Figure 49. LCSE Laser Telescope Layout
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the decollimating fine guidance lens, the transmit laser collimating lens,

the beam spoiler lens, the Risley prism assembly 3 and a small folding flat.

This subassembly is appropriately webbed and stiffened to assure continued

optical alignment.

Fastened to the aft end of the main cylindrical casting is a coni-

cal transition housing which, at its smaller end, attaches to the aft bulkhead

and provides a mounting surface for the fine guidance image divider cell and

the EMR photomultiplier assembly. Along one side of the conical housing is a

webbed and stiffened fin providing support pads for the channel-like support

platform bearing the two helium-neon lasers, the Wollaston prism 3 and the

electro-optical modulators.

The system described thus consists of a number of convenient sub-

assemblies which fasten together in a positive and rigid manner to create a

structure which precisely defines the optical alignment of the laser sources

and the guidance optics to each other and to the primary mirror.

SECONDARY MIRROR SUPPORTS

The most critical optical alignment requirement in the entire system

is that governing the location of the secondary mirror with respect to the pri-

mary mirror.

Since both mirrors are of fused silica, the optical characteristics

of the telescope will be totally insensitive to uniform temperature changes if

the spacing elements are also of fused silica. It is similarly evident that

the structure establishing the relative positions of the two mirrors should be

kinematically correct; i.e. 7 should provide the required number of constraints

in a nonredundant manner. Pursuit of this line of thought leads inevitably to

the conclusion that 7 in the absence of significant external loads, the optimum

approach to the secondary support problem is a three-legged tripod of fused

silica rods. The system shown in Figure 49 and described in the following

paragraphs employs exactly this concept 3 and includes practical means of im-

plementing the basic concept in a manner consistent with the dynamic environ-
ments involved and with actual hardware limitations.

As indicated, the primary mirror includes three projecting ears

equally spaced around its periphery. The front surface of each of these ears

incorporates a conical seat for the rounded end of a fused silica rod which,

in turn, forms one leg of a tripod.

The apex of this tripod would ideally consist of a single pivot

point about which any leg would be free to rotate in any direction. Although

this ideal would be awkward to implement mechanically_ it is closely approxi-

mated in the proposed system by a fitting in which one of the fused silica

rods is rigidly clamped and in which the other two are universally pivoted.

A difficulty is encountered inasmuch as the secondary mirror can-

not be located at the vertex of the triangle. This difficulty is circumvented
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by mounting the secondary (and its focusing mechanism) in a cell which incor-

porates three hemispherical "feet," each of which rides in a radial vee-groove

on a locating bracket bonded to one of the fused silica rods. The radial vee-

grooves permit differential thermal expansion between the fused silica and the

metallic secondary mirror cell. Thus_ in effect_ the secondary mirror is

centered and supported on a platform at the proper level of the fused silica

tripod.

Light tension springs hold the fused silica rods against the ears

on the primary and the secondary package against the locating brackets on the

rods. The forces introduced by these springs are localized and are not trans-

mitted into the primary mirror or along the rods.

The components described thus far yield a system which_ in the

absence of significant accelerations or external loads_ locates the secondary

mirror in a precise and kinematically correct manner with respect to the pri-

mary. This location is completely independent of other structure_ being un-

affected_ for example_ by thermal distortions of the main telescope tube.

It is clear_ however_ that the fused silica tripod is not adequate_

by itself_ for supporting the secondary during the boost phase of the mission_

even though the entire package is vibration isolated. The rods themselves are

plainly susceptible to lateral resonance_ and it is inadvisable to transmit the

inertia loads of the secondary package through the primary mirror.

The first step in providing launch mode capability is to enclose

the fused silica rods in stiff metal tubes_ with wire mesh bushings providing

lateral support and vibration damping at appropriate intervals. The fit be-

tween these bushings and the rods would be chosen to provide sufficient fric-

tional force to damp axial resonances of the rod 3 but not s_ much that relative

thermal expansions would appreciably strain the rods. The rods and the metal

tubes are attached in the vicinity of the secondary through a rod support bush-

ing bonded to both members.

The secondary package incorporates a three-legged spider. In the

launch configuration_ this spider would be pulled forward against isolators

by release bolts. The forward motion of the spider:

Lifts the hemispherical feet on the secondary pack-

age out of the vee-grooves in the locating brackets

on the fused silica rods.

® Moves the spider legs against collars on the metal

support tubes.

Lifts the lower ends of the fused silica rods away

from the ears on the primary mirror.

Pulls shaped brackets on the lower ends of the sup-

port tubes into engagement with silicone rubber

snubbers tied to the main structure 3 thus putting

the support tubes into tension.
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The resulting launch configuration (which is the one shown by

Figure 49) finds the fused silica rods supported and damped in a desirable

manner 3 and all inertia loads associated with the rods and the secondary trans-

mitted directly to the primary structure. £n orbit 3 the release bolts on the

spider supports would be actuated, allowing the light tension springs to re-

turn the assembly to the operational configuration.

THERMAL INSULATION

Although detailed requirements for thermal insulation must await

careful analysis and establishment of an overall concept_ it is highly proba-

ble that the inside surface of the telescope tube will require a minimal effec-

tive emissivity.

The most effective means of attaining this objective is to employ

a blanket consisting of multiple layers of aluminized Mylar. The efficiency

of this type of insulation depends to a significant degre% however 3 on proper

installation practice. In particular_ care must be taken to minimize penetra-

tions or compaction of the blanket 3 either of which can lead to excessive con-
duction heat leaks.

A practical means of complying with these requirpments when utiliz-

ing this type of insulation on the inner wall of a cylindrical structure is

that employed on the OAO Princeton Experiment Package. The insulation is held

against the wall of the tube by a series of sprlng-tensioned longitudinal wires

attached to short standoffs at either end of the structure. This approach

eliminates penetrations and/or compactions of the Mylar layers except at the

extreme ends of the insulated space.

A second area in whichcorrective measures may be required is that

of thermal conduction from the tube wall through the bulkheads to the optics

and particularly to the primary mirror mount. The structural configuration

shown is amendable to inclusion of low conductivity spacing elements or inserts_

as required 3 at the tube-bulkhead and/or bulkhead-instrument housing interfaces.

SUN SHADE/LENS CAP

The combined functions of a sun shade to prevent sunlight from

illuminating the secondary mirror or the interior of the telescope tube and

a lens cap to close the aperture during periods of inactivity are performed

by a pivoted lid or door on the front end of the telescope tube. This unit

is similar in function and design to the sun shade on the OAO spacecraft. It

consists of a honeycomb sandwich plate hinged on bearings incorporating a

fused teflon coating for reliable operation in the space environment. Actua-

tion is by a hermetically sealed geared electric motor driving a nutating arm

through a flexible metal bellows.

Actuation is initiated either by remote command or 3 in the event

of inadvertent point towards the sun I by a sun sensor.
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FAST SHUTTER

Since it is imperative that the photomultipliers be protected from

direct solar radiationj and since it is impractical to provide rapid actuation

of the hinged sun shade 3 a fast shutter is included in the sky baffle in front

of the primary mirror. This shutter would close in a small fraction of a sec-

ond upon signal from the sun sensors that the instrument was pointing danger-

ously close to the sun.

The shutter would be spring loaded in the open position_ and its

actuator could be provided with an independent and limited power supply to

prevent indefinite closure by a malfunction in sensors or actuator.

LAUNCH MODE ISOLATION

As previously indicated_ the system requires shock and vibration

isolation of the overall package. Figure 49 indicates tentative attachment

points for the required isolators. These isolators would probably be visco-

elastic molded mounts designed for optimum damping characteristics and with

their line of action passing as nearly as possible through the center of gravity

of the instrument.

The instrument would be attached to the isolators with release bolts

or pin pullers to permit disengagement following launch.

CAGING MECHANISMS

The only caging requirement not already described is that associ-

ated with the transfer lens. To prevent excessive oscillations and/or bearing

loads on this component during launch_ the lens and the movable armature of

its magnetic motor must be securely captured by pin-pullers or by mechanically

actuated clamps.

ASTRONAUT SIGHTING OPTICS

Provision is included for visual sighting through the instrument by

an astronaut while the system is tracking an earth beacon. The astronaut would

open an access panel on the side of the telescope tube 3 manipulate control

linkages to position auxiliary beamsplitters in the system_ and attach an auxil-

iary optics package containing appropriate viewing optics.

For fine guidance and narrow field of viewj a beamsplitter in front

of the image divider prism directs a light bundle into the auxiliary optics

package_ which in this instance supplies a relay lens and an appropriate eye-

piece.

140

I

I

I
I
I

I
I
l

I
I
I

l
I
I
I

I
I

I
I



I

I

I

i

I

I

I

I

I

I

I

i

I

I

I

I

I

I

I

PERKIN-EI3VIER Report No. 8399

For coarse guidance and wider field of vlew 3 the beamsplitter is

positioned in front of the primary s as Bhown. In this case t a field lens 3 a

folding flat, and a relay lens are incorporated in the system to transfer the

image to the auxiliary optics package. The auxiliary optics package includes

either a folding mirror and a second eyepiece I or an insertable folding flat

to permit use of a single eyepiece.
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2.7 GROUND STATION PCM/PL RECEIVER A_D TRAC.r_R

The three basic functional operations of the ground station are:

To acquire the satellite using ephemeris data

and to track the hellum-neon signal received from
the LCSE.

• To provide the argon laser beacon so that the

satellite can track the earth station system.

• To receive and decode the PCM/PL signal.

These operations could be accomplished by three independent opti-

cal systems. However 3 problems of synchronization and allgr=nent would be more

complex than a common optical system capable of all three operations. To

minimize the atmospheric effects occurring close to the ground 2 a ground tele-

scope with an aperture of approximately 24 inches or larger is required. This

24-inch aperture ground telescope will be used for both the beacon and down-

going communication link functions. As in the LCSE, a dichroic mirror with

special dielectric layer coatings will be used to duplex the laser beams.

The photoelectron emission rate at the earth PHT photosurface re-

suiting from the down-going PCM/PL signal is approximately 3 x 109 photo-

electrons/second. Using 10% of the received energy for tracking and the re-

maining 9070 for the information channel, the tracking loop will have a shot-

noise-limited SNR of 102000 for a tracking loop with a 1 cps bandwidth. The

alternative of using the same energy for both tracking and signal demodulation

requires a significant increase in ground equipment while the advantages obtained

for the experiments are only marginal.

The field of view of the PCM/PL receiver and tracking subsystems will

be 20 arc-seconds. Therefore 2 the feedback from the tracking subsystem (Figure 50)

must point the ground telescope to within 5 to I0 arc-seconds of the apparent

LOS. Since the angular rates of the earth telescope tracking a synchronous
satellite with a 28 ° inclination are slow (I x i0 -J radian/second East-West and

4 x 10 -5 radian/second North-South)_ body-pointing of the receiver telescope may

be accomplished readily with 5 arc-second accuracy.

TRACKING SUBSYSTEM

A tracking subsystem using an image divider followed by four photo-

tubes is planned.* The tracking subsystem output is used to control the torque

motors which correct forpointlng errors of the telescope optic axis. The

bandwidth of this tracking loop willbelc_ (of the order of one cycle per
second) .....

Note that this ground station track subsystem is similar in function and equip-

ment to the spaceborne fine tracking system of the LCSE.
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The PCM/PL detector spatially separates two linear polarizations

and compares the energy contained in each polarization during a given bit inter-

val. Since the PCM output of the satellite optical transmitter is circularly

polarized (both right-hand and left-hand), a quarter-wave plate must be inserted

to form the orthogonal linear polarizations required by the Wollaston prism.

The outputs of the photomultipliers are differenced and amplified. To generate

timing informationj the difference signal is differentiated. This creates a

pulse (alternately plus and minus) when there is a transition between opposite

bits. After rectifying, the sequence of pulses (plus differentiation noise)

becomes the input to an oscillator with a high Q. The phase of this oscillator
is used for the clocking of the integrate and hold circuits of the PCM/PL de-

tector. The zero threshold device is used to "square up" the digital bit stream.

During the initial testing of the PCM/PL link, a pseudo-random

digital sequence is transmitted from the satellite. The error detector at the

ground receiver compares the output of a synchronized shift register and the

PCM/PL signal. The output of this device can provide both the long term and

short term bit error data of the communication link. Also, the effect on the

bit error rate of changing critical parameters in the satellite and in the re-

ceiver optics can be evaluated by examining the error detector output. The

effective aperture and field of view are two ground receiver parameters that

will be controlled by the stops shown in Figure 50.

A subjective rating will be given the detected video pictures.

This rating will help in determining the proper fade margin required for future

space-to-earth PCM/PL laser communication links. The effects of quantum noise

will be a series of dots in the picture and the atmospheric fading will cause

a series of horizontal lines in the video picture.

LCSE EARTH LASER BEACON

The tracking_ communication and earth viewing experiments require an

argon laser beacon* on the earth. Using tracking information in addition to

ephemeris data generated by a computer, the beacon optics will floodlight a one

mile by one mile block of space in the vicinity of the satellite. To obtain

color separation between the light used for the beacon and the 6328_ PCM/PL

signal, the 4880_ line of the argon laser will be used for the earth-to-space

beacon link. This emission line was chosen in preference to the 5145A argon

line because the S-20 photosurfaces have a higher quantum efficiency and the

isolation requirements are easier at 4880_.

The parameters required to determine the signal-to-noise ratio (SNR)

in the satellite tracking unit are listed in Table X on page 145. Most of the

values have been previously defined in Table IV, page 52.

R.J. Arguello, Downward-Looking Seeing Through the Earth's Atmosphere,

Internal Perkin-Elmer Report.
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TABLE X

EARTH-TO-SPACE BEACON LINK

VARIABLE

Range

Wavelength

Beacon Power

Beam Divergence
of Beacon

Satellite Field-

of -View

Atmospheric
Transmis slon

Beacon Optical

System Transmission

Satellite Optical

System Transmission

Diffraction Loss

Optical Filter

Transmission

Satellite Aperture

Earthshine

Scintillation

Satellite PMT

(@ 3oo°K)

PMT Quantum

Efficiency

Speed of Light

SYMBOL

R

k

PT

TA

TOT

TOR

T0

TF

d

PE

TS

Pp

c

VALUE

34,060

.4880

i0

i0

50

2

.6

.33

.75

.4O

2x10 -5

?

10 -14

.13

3x108

UNITS

Km

Microns

Watts

Arc-Sec

_-radians

Arc-Min

@60 ° from

Zenith

Meter

Watts/2-

arc-min2-_

Watts

m/aec

Report No. 8399

REFERENCE OR CO.lENT

Rxviewing 60 ° to

Zenith

Measured at laser out-

put

Table 3-1 NASA CR-252

For filter bandwidth
O

AB = 2A

Derived from Figure 7-6,
NASA CR-252

Radiant input power

equivalent

S-20

I
I
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The beacon divergence, _, is i0 arc-seconds. Empirical data on

the effect of down-looking scintillation is not available. However, both a

theoretical model of the atmosphere* and measurements of star scintillation

indicate that fading of the beacon will not be significantly worse than the

fading of star light.

The beam steering effect of the atmosphere near the transmitter

aperture may be reduced by using a transmitter aperture significantly bigger

than 4 to i0 centimeters. Thus, the 24-inch ground receiver aperture will be

used for both the transmit and receive channels.

A light ray traveling between earth and a spacecraft will be de-

flected through a small angle because of atmospheric refraction. At the

zenith no refraction takes place, and at 60 ° from the zenith the refraction

is over 1.5 arc-minutes. However, astronomers using single air temperature

and pressure measurements made at the observing site, together with semiempirical

formulas, can predict the refraction angle to within a second of arc over all

zenith angles less 60 ° . This information is used in the initial acquisition

when the ground beacon "flood lights" the area which the ephemeris or radar

track predicts as containing the satellite.

The tracking and PCM/PL detector subsystems are sufficiently light-

weight and small to be packaged in the volume immediately behind the primary.

The argon laser, however, is best mounted externally from the telescope, The

transmit and receive channels will be superimposed using a dichroic mirror.

One possible method for superimposing these beams is shown in Figure 50.

The coupling optics following the argon laser should be placed at

the center of rotation of the telescope mount. Any misaligr_nent between the

transmit and receive laser beams will be corrected by this device.

To obtain the required i0 arc-second divergence of the beacon from

the 24-inch aperture, defocusing optics must be inserted into the beam of the

argon laser output. This device will have the ability to change the divergence

of the beacon. The performance data obtained by operating the beacon with

several different divergence angles will prove valuable in determining the opti-

mum beacon divergence for future optical conlnunication systems.

RECEIVER POWER BUDGET FOR THE LCSE BEACON LINK

The rate of emission of the unchopped beacon photoelectrons from

the detector photosurfaces in the fine tracking subsystem of the LCSE is

An argon laser was chosen for the earth laser beacon for reasons of high

power output and high quantum efficiency of detectors at 4880_.
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I

I

I
I

I
I
I

_)C _0_,_ _o__,_s)

_ratio of receiver & _Converslon of optical _/'System Effl-_
illuminated areas )= _lencies )_power to photoelectronl/secJ

_s)

= 5.3 x 109 7S photoelectrons per second.

The rate of emission of background (sunlit earth) and phototube
photoelectrons is

hc

6.6x10"34x3x 108 -J

= 2 x 109 noise photoelectrons in 2 min field of view

I

I
I

I
I

i

Assuming that the beacon is passed through an on-off rectangular

chopper, and the effect of scintillation at low frequencies is small, the
average signal rate becomes

n

-- s 109n = - 2.7x
s 2

For the fine tracking system (FOV = 2 arc minutes), the SNR for
shot noise limited operation is

n
S

SNR=

_/ 2Af(_s + -N)

5,400 = 37 db when Af = 25 cps

27,000 = 44 db when Af = I cps

This high SNRwill insure proper operation of the tracking loop in the LCSE.

I
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I i

I

The coarse guidance system has a field of view of approximately

one degree. Also, the fibre optics has a transmission of 0.5. Both effects

will reduce the signal-to-noise ratio in the coarse tracking subsystem. The

modified signal and noise photoelectron count in the coarse guidance photo-

multipliers is

2

60 min _ = i011n' 2xi09 -_ rain,= x .5 9x
n

n' = 2.7xi09 x .5 = 1.4 x 109
s

Assuming a bandwidth of i cps for the coarse tracking subsystem_

the SNR for shot noise limited operation is then

1.4 x 109

SNR =_ 2 x I (l.6x10 II + 9 x 109 )

= 23500

Thus, sufficient energy is available for proper operation of the

coarse guidance subsystem.

Preflight Ground Facilities (Cape Kennedy)

At the launch site (Cape Kennedy) a test facility should be provided to

check out nominal operations of the telescope prior to installation in the vehicle.

This unit shall provide the electrical and mechanical interfaces normally pro-

vided by the vehicle. Vehicle power sources with adjustable voltage levels_ input

command signals_ and output telemetry lines will be simulated to permit console-

monitored control of all telescope functions over parameter extremes. The tele-

scope shall be optically coupled to a longer focal length ground station simu-

lator to permit required optical prelaunch checkouts. The optical unit must for

example allow transmit-receive line-of-sight alignment, telescope focus_ point

ahead calibration, and beam spoiler operation checks. Controlled variation of

the simulated beacon line of sight and intensity will permit telescope tracking

performance evaluations while ability to receive and decode telescope transmitted

information through adjustable attenuators will provide nominal checkout of the

transmitting laser 3 modulator_ and power monitor.

Either the same console or one of reduced complexity will be required

to repeat functional tests after the telescope is installed in the vehicle. How-

everj such checkout would be better performed utilizing the actual command and

ToM. channels of the vehicle just prior to launch.
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At the actual ground beacon site in Western United States 2 the test
facilities will include a telescope simulating test tower useful for checkout

of receiver-transmitter aligranent. Transmi8aion of modulated laser light from

the tower_ over possibly the horizontal sir path equivalent of one atmosphere 2
may be the simplest method of functional checkout via simulation of communica-

tion loop-closure with the satellite. Proper boreaightlng of 5-recelver array

is readily checked with input computer commands controlling attitudes toward

stars in consecutive fashion while viewing through the separate array optics.
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2.8 DATA TO BE DEVELOPED FROM THE LASER COMMUNICATION

SATELLITE EXPERIMENTS

In order to gather the data required for analyzing the communica-

tion and tracking performance of LCSE system 3 and to verify the operation of

key subsystems and components_ (diagnostic data), various parameters will be

measured onboard the satellite, and at the ground receiver. The key para-

meters to be measured at the ground receiver are:

• Measurement of 106 and l07 bit/sec data rate,

and mmasurement of probability of bit errors,

(fade statistics).

Measurement of 0.i arc-second pointing by an

array of five earth receivers that monitor the

position of the satellite transmitter laser

beam or by a single earth receiver station.

Measurement of received signal power and oper-

atlng SNR. The average signal-to-nolse ratio

is approximately 30 db for daytime operation

at 60 degree zenithangle.

Evaluation of received video data, i.e., TV

picture to establish realistic fade margin

requirements.

The above measurements are to be made for several receiver aperture

sizes_ several fields of view, for daytime and nighttime operation, for various

meteorological conditions end slant angles, and various earthshlne-to-trans-

mltted-power ratios, and vehicle disturbance inputs.

The key parameters to be measured onboard the satellite are:

• Measurement of performance of fine tracking

subsystem.

• Determination of earth laser beacon intensity

fluctuations from phototube outputs of the fine

tracking subsystem.

• Determination of time for satellite to acquire
earth laser beam.
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In addition, there will be diagnostic measurements of the follow-

ing parameters. These measurements are to be made post launch and after a

quiescent three month period.

• Monitoring of the axial spacing of the secondary

mirror to the primary as this parameter affects

system focus. The data on monitoring best focus

can be obtained from veloclty plckoff sensors in

the transfer lens servo subsystem.

Determining the aligm_nt of the tranRmlt channel

with respect to the receive channel behind the

mirror optics. This consists of monitoring any

angular misorlentation of the optical axes. The

post launch angular alignment tolerance is 9.5

arc-seconds. The measurement of angular mls-

orientation of the axes to determine channel

allgmnent is to be made post launch and after

a quiescent three month period upon ground

command.

ATMOSPHERIC SCINTILLATION AND IMAGE JITTER

EXPERIMENT DATA (SPACE-TO-EARTH TRANSMISSION)

Refer to Table Xl for a summary of the satellite transmitter and

earth receiver data for the uplooking atmospheric scintillation and image

jitter experiment. The required sensor groups for the meteorological data

collection system are identified, and the data reduction and processing oper-

ations which would follow the experiment are indicated.

As described in Table Xl, the experiment objective is the measure-

ment of fluctuations of light intensity and image jitter from a coherent source,

(after passage through the entire atmosphere). This experiment is to be con-

ducted for downward transmission of coherent light from the satellite to earth.

These intensity and image fluctuations should be correlated with measurements

of intensity and image fluctuations of starlight. This should be done for

several small receiver aperture sizes, for day and night operation, for several

zenith angles, and for various meteorological conditions. In addition, there

should be determination of the auto- and cross-correlatlons and power spectral

densities of the intensity and image jitter fluctuations, as well as correlation

with received television picture quality. This information should be correlated

with the outputs of a meteorological data collection system.
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TABLE XI

ATMOSPHERIC SCINTILLATION AND IMAGE J_I_EE EXPERIMENTS

SATELLITE AND STARS TO EARTH

Satellite Transmitter Data

Optical :

Microwave Telemetry:

Earth Receiver Data

Optical:

Electrical:

Meteorological Data

Collection System

Sensor Groups for:

Data Recordin_ and Processin K

Oscilloscope and Camera Re-

cording of Scintillation

Waveforms, Intensity

Fluctuations, and Image
Jitter

O

He-Ne 6328A - with relatively low-frequency_

modulated tracking signature.

Laser power level monitor

Output of fine track subsystem.

Detection of laser beacon intensity fluctua-
tion.

Image motion frequency components for beacon

and stellar channel provided by separate

telescope tracker on earth.

Detection of relatively low-frequency tracking

signature.

Monitor of television picture.

Temperature (air, ground), Pressure, Humidity,

Temperature Gradients, and Wind Velocity.

Auto- and cross-correlations

Power spectral densities

Correlation with meteorological data

collection system

Correlation of television picture quality
with scintillation data
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It is clear that this phase of the experiment will provide quan-

titative data on the susceptibility of a space optical communication system

to fading caused by atmospheric turbulence. The resulting data can be used

to verify theoretical models describing the interaction between coherent light

and atmospheric turbulence.

One useful measure of the effect of atmospheric turbulence, Joe.,

index of the severity of the interference caused by turbulence, is the ratio

of mean square value of the fluctuations about an average to the square of

the average value. This measure has the useful property of being independent

of the type of encoding or modulation of information contained in the optical

signal. It is of the form that will describe the random, nolse-llke behavior

of the interference. The conventional percent-type modulation, although use-

ful for instantaneous measurements, depends upon the instant that the measure-

ment is made and does not average over a time sufficiently long enough to

describe average effects.

The index proposed should be relatively easy to measure, which

enhances its utility for the envisioned experiment.

The radiant power from a laser beacon whlch impinges on a detector

and is converted into an electrical signal is given by l(t). Then the average

of l(t) is:

- lira i r T
l(t) T-_ 2-_ _ _(t) dt

-T

and the rms value of the fluctuations about this average is:

I

I

I

I

I

I

I
1 2

- lim -_ _T[i(t ) . _(t) dt]
12 tjz \ T-_ [

-T

the modulation index M is then given by:

Mo _---

i

2 2

12(t) / l(t---_ = V2(t)/ V(t---_

I
I

I
since the output voltage V(t) of a photodetector is proportional to the

radiant power.

To facilitate the measurements of any index of turbulence against

a fluctuating background, it is desirable to have the laser transmitter system

provide a constant average power level during sclntillatlonmeasurements. This

will allow the fluctuation values to be referenced against a relatively steady

level. The pulse code modulation satellite transmitter configuration utilizing

polarization modulation (PCM-PL) can be used for this experiment. An adequate

relatively low-frequency tracking signature can be obtained from the satellite

I

I

I
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PCH-PL system by sending a few hundred bits of all right-circular polarization

followed by a few hundred bits of all left-circular polarization (constant

signal level). The satellite laser tranmnitter power level should also be

monitored during this experiment, and sent via the mlcrowave telemetry link
to the earth terminal.

RECEIVER DATA

The earth receiver configuration consists of the Basic PCH-PL

receiving system for detecting laser beacon intensity fluctuation, and a

separate telescope tracker arrangement for detecting an adjacent star's in-

tensity fluctuations, and determining image motion frequency components for

both the sa_lllte beacon and starlight. A synchronized aperture control for
the ground receiver and separate tracker will allc_ simultaneous scintillation

measurement at several aperture dla=eters. The scintillating light with its

tracking signature will pass through the light collector, aperture control

unit, predetection filter, variable field stop, and then on through the polar-
ization resolving optics, photomultipllers, amplifiers and difference circuits.

At this point, the tracking signature can be extracted through a narrow band-

pass filter, and the scintillation data can be extracted through a low-pass
filter amplifier combination.

The power spectral density of the intensity fluctuations measured

by a wave analyzer will provide an indication of the frequency content of the

scintillation. The power spectral density measurmmnts can be made _-Ath various

aperture diameters and under different m_teorol0gical conditions. The index of
turbulence, M, can be determined fromplots of the power spectrum. The index,

Mi, can be related to aperture dlamettr and also tO the corner breakpoint

frequencies of the spectrmn. Oscilloscope and camera recording of the scintil-

lation waveformwill also be provided, as well as recording with other apparatus.
The scintillation data will be correlated with various outputs of the meteoro-
logical data-collection system.

Statlsticalmaasurements of the thermal microstructure at the earth

terminal should also be recorded. Various Rawlnsonde systems employing balloons

to measure temperature and humidity at various altitudes could be employed at

the ground terminal where the experiment is to be conducted. The altitude in-

formation can be used together with humidity and temperature data to obtain

pressure. Slant range of the balloon can be employed to obtain wind zone
velocity.

There will be simultaneous ground recording of the scintillation of

a star and satellite laser beacon. The star will be chosen to be close in

elevation angle to the satellite laser beacon to allow a comparison of the

effects of the atmospheric fluctuations over approxlmately equal zenith dls-

tances. An optical plckoff should also be provided for visual acquisition
of the star.
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ATMOSPHERIC SCINTILLATION (EARTH-TO-SATELLITE TNANSMISSION)

EXPERIMENT DATA

Refer to Table XII for a summary of the earth transmitter and

satellite receiver data for the downlooklng atmospheric scintillation experi-

ment. As described in Table Xllthe objective of the experiment is the measure-

ment of fluctuation of light intensity from a coherent source after passage

through the entire atmosphere. The e_periment should be conducted for upward

transmission _f coherent light from the earth to the satellite. An argon

laser at 4880A, which is used for beacon guidance will be required to obtain
scintillation data. Ground laser power will be monitored to insure the con-

stant average power level required for the scintillatlon-modulation index

determination. Also, a low-frequency tracking signature will be provided.

The satellite receiver system will detect the ground laser beacon

signal and modulated ground tracking signature. The received laser signal will

pass through a transfer lens, aperture control system, and then into the pre-

detection filters at 4880_. After passing through the predetectlon filter, the

scintillation signal will pass through a low-pass filter and then be enco4ed
for real-time microwave return transmission to earth.

SIGNAL-TO-NOISE RATIO AND SKY BACKGROUND

EXPERIMENT DATA

In the visible region during daytime operation, it is clear that we

must utilize a narrow spectrum and narrow field of view or else we can easily

become sky background limited. It is useful to measure conxnunlcation perform-

ance under different conditions of both day and night sky background. Measure-

ment of slgnal-to-noise ratio for different background conditions with various

combinations of predetectlon optical filters and fields of view will allow a

quantitative determination of the background immunity of the communication

system.

SIGNAL TRANSMISSION THROUGH THE ATMOSPHERE,

CLOUDS, PARTICLES EXPERIMENT DATA

In general, atmospheric transmittance is subject to wide variation,

depending on meteorologlcal conditions and zenith angle. Relative transmittance

drops sharply as the path approaches the horizontal.

The atmosphere is generally composed of a mixture of gases in which

are suspended a wide variety of particles which differ considerably in size and

chemical composition. These gases cause radiation to be absorbed, and the

suspended particles scatter the radiation. As a result, the radiation from a

source is attenuated, decreasing the received SNR. The loss in signal caused

by atmospheric effects arises from: absorption by gases in path of source of

radiation, deflection or scattering of source radiation by particles suspended
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TABLE XII

ATMOSPHERIC SCINTILLATION EXPERIMENT

EARTH TO SATELLITE

I
I
I

l
l
I
I

I

Earth Transmitter Data

Optical:

Satellite Receiver Data

Optical:

Microwave Telemetry:

Ground Data Recording

and Processin_

Oscilloscope and camera

recording of scintillation

waveforms

Intensity Fluctuation

o

Argon 4880A with relatively low frequency,
in6dula£ed tracking signature.

Detection of laser beacon intensity

fluctuation.

Scintillation data encoded for real-time

return transmission to earth.

Auto and cross-correlations

Power spectral densities
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in path. In addition, particles or gases suspended in path may radiate causing

an increase in the background; i.e., scattering agents in the path may deflect or

scatter radiation from other sources toward the receiver, thus increasing the

background.

The presence of clouds can obviously impair laser communication

performance as is suggested by the damaging effect of cloud cover on visibility

shown in pictures obtained by Tiros weather satellites. One must be extremely

cautious in interpreting cloud cover statistics. It is difficult to determine

cloud cover hinderance for nighttime operation from cloud cover data taken dur-

ing the day. The global cloud cover pictures taken by the Nimbus satellite

will certainly be a useful source of information. It is interesting to note

that a lower limit to the actual cloud cover hinderance for satellite photo-

graphy is usually established for high thin or broken clouds, since satellite

photographs are occasionally attempted under these conditions.

EXPERIMENT DATA ANALYSIS AND PROCEDURES

Measurement of 0.I arc-second pointing by an array of five earth

receivers that monitor position of the satellite transmitter laser beam will

provide quantitative data that will allow a separation of several sources of

error. There is a separate determination of measurement effects due to torque

disturbances, atmospheric refraction, and scintillation at the earth detector

array. These errors can be recorded as a function of time and analyzed to

obtain the spectral distribution of measured errors as well as error probability

density functions.

Megablt cormnunication performance may be assessed by measurement

of received signal power level, instantaneous signal-to-noise ratio, and

probability distribution of bit errors, (fading statistics caused by atmospheric

turbulence, satellite perturbations, etc). It is useful to determine the

probability distribution function for the bit error probability for several

averaging intervals.

The telescope data will fall into several categories: diagnostic

(temperature, voltages)_ proper operational control (effective receiver aperture,

beam spoiler position); and performance evaluations (received signal level, trans-

mitter laser power output, time)° Conventional time sharing techniques, wherein

slowly varying data is transmitted occasionally while rapidly varying data is

made available more often and only when required, can be used to conserve telem-

etry channel capacity. Upon ground receptlon_ the data will be stored on multi-

channel magnetic tape. Those signals required for operational control can also

be demultiplexed and used to actuate readout devices on the operators console.

Data originating on the ground can also be tape recorded along with a time

signal which will facilitate subsequent tape playback synchronization. This

data_ however, need not be either sampled or quantitized but can be stored in

any form most convenient for later data processing, at possibly other than

real time rates. Meteorological data, cloud cover observations, zenith angle,

earthshine conditions, transmitted and received laser light attenuator setting,
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I
I

I
I
I

I

beacon pulse duty cycle, receiver aperture and field of view settings, trans-
mitted beam spoiler posltlnn, telescope attltudm information, and other slowly

varying information can be multiplexed onto one tape chamml or even logged in

manually. Angle of arrival fluctuations, received signal magnitude and back-

ground level, received intensity fluctuations, point ahead and sun offset

angles, cmmnunlcatlon error rates, and other more rapidly varying data can be

stored in parallel on other channols of the same tape or on a separate tape to

preserve time coincidence and high frequency information. A recording delay,
moreover, could be introduced so that the record could also hold orbiting

telescope data in close time synchronlsm_ere Important; i.e., laser power,

tracking error signals, transfer lens position, received signal and background

levels. Other received signals (temperature, voltages, currents, transmitter

beam spoil setting, effective receiver aperture adjustment, etc.) might be

stored alone with the slowly varying ground signals on a separate tape. The

video picture transmission data will be on film to avoid otherwise large data
storage facilities.
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2.9 ASTRONAUT TIME REQUIREMENTS

PREFLIGHT TIME

The preflight time of 4 weeks per astronaut would be required. One

week would be allocated to principles and practice of optics, optomechanical

mechanisms and laser elements. The second week would be devoted to mission-

peculiar class room and (Laser/Telescope hardware) subassembly training. The

latter two weeks of the four week period would be in training the astronauts

to perform the duties required during the flight. The work would involve

operation of the Experiments Monitor Console, viewing through the telescope

at earth type targets, and the EVA astronaut would be suited up and trained to

work with the telescope controls and attachments. Also, the EVA astronaut would

observe and participate in the deployment operations.

IN-FLIGHT TIME

22 hours of in-fllght time would be required for the LCSE. This

would be distributed between the EVA astronaut and the Experiments Monitor

Console operator. The EVA astronaut would spend about i hour observing the

deployment operations of the Laser/Telescope from the launch mounts. The

LCSE equipment is to be carried into space on the launch mounts which are

located inside the LEM descent stage structure. The location of the astronaut

is illustrated in one of the concepts for the experiment (Figure 2 on page 13 ).

The experiments monitor astronaut is illustrated at his control station in

this same sketch. He would control the deployment operations using voice cues

from the EVA astronaut. After the one hour of deployment operations, the EVA

astronaut returns to the Command Module.

The experiments monitor astronaut can address himself to other
duties in the LEM Life Cell or he too can return to the Command Module. There

would be no demand on the astronauts during the next two days while the LCSE

equipment outgasses. The Laser Communications Experiments would be conducted

by the astronaut in the LEM Life Cell at the end of day 2 or the beginning

of day 3 in orbit. The earth station should be in shadow (nighttime) while

the spacecraft will be in sunlight (the synchronous orbit and 28.3 degree

inclination will permit the spacecraft to remain in sunlight continuously

for the entire two week period that the astronauts are present). Acquisition

operations must take place with the sun present (spacecraft in the sun).

It is planned to have the Laser Communications Experiments proceed

for eight days (continuously) during day 3 to day ii of the flight. During this

time, the astronaut in the LEM Life Cell will be m_eded for 2 hours per day for

a total of 16 hours of experiment time. At the conclusion of eight days of

Laser Communication Experiments, the EVA astronaut will proceed to the Laser/

Telescope and conduct several earth viewing experiments. During the earth

viewing operations, the experiments monitor astronaut is at his station in the

LEM. It is anticipated that the earth viewing experiments would take place for

1/2 hour per day from day II to day 14. The total in-flight time adds up to:
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Laser/Telescope Deployment

Laser Cormnunications Experiments

Earth Viewing Experiments

Subtotals

EVA TIME

i hour

2 hours

3 hours

LEM TIME

I hour

16 hours

2 hours

19 hours

Total 22 hours

POST-FLIGHT TIME

Following the flight_ the EVA astronaut and the experiments

monitor astronaut will require about 4 hours each of debriefing. The Laser

Communication Experiments were conducted over 8 days with the experiments
monitor astronaut in attendance for 2 hours per day. It should be possible

to debrief this astronaut in i day. The EVA astronaut who conducted the

earth viewing experiment sould be capable of being debriefed in 3 days by

"photo interpreters" and NASA project planners. An additional week should

be allocated for this astronaut with optical equipment engineers and designers.

The optical equipment engineers and designers should be allowed three months

to make modifications to the equipment in accordance with suggestions of the

astronaut and test data. Then_ this same EVA astronaut should spend two weeks

testing the modified equipment when suited up. The total post-flight time

requirements are:

Laser/Telescope Deployment

Laser Communications Experiments

Earth Viewing Experiments

(Earth Feature Recognition_

Photo Interpretation_ TV)

Debriefing with Optical Equip-

ment Designers

Testing with Modified Telescope

while Suited

Subtotals

EVA Astronaut LEM Astronaut

4 hours 4 hours

8 hours

24 hours 8 hours

40 hours

80 hours

148 hours 20 hours

Totals 21 days
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2.10 LCSE COST ,,AND SCHEDULE Sbl_i_¥

DESZGN, DEVELOPMENT, FABRICATZON,
SL_PPOET OF EXPERIMENT

TEST AND GENERAL

(Basic AAP Concept Without Boom/Gimbals)

Item

Direct Labor, Estimate

Materials

Subcontracts

Special Equipment

Travel

General and

Administrative

Total Costs

Rate (20%)

Total Estimated Cost

Fee

Total

_Jnount

$1,610,000

i_51 O, 000

345,000

800,000

35,000

_4,300,000

860,000

$52 160,000

516,000

$5,666,000
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DATA ANALYSIS AND PUBLCATION COST BREAKDOWN

Item

Direct Labor

Materials

Subcontracts (Consultants)

Special Equipment (Lab Gear)

Computer Time

General and

Administrative

Total Costs $

Rate (20%) $

Amount

$ 290,000

1,000

5_000

30,000

20,000

350,000

70,000

Total Estimated Cost $ 420,000

Fee $ 423000

Total $ 462,000
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FABRICATION, TEST AND DELIVERY (_ FLIGHT UNIT

(Basic AAP Concept Without Boom/Gimbals)

Item

Direct Labor

Materials

Subcontracts

Special Equipment

Travel

General and

Admlnis tratlve

Total Costs

Amount

$ 550,000

270,000

120,000

I00,000

i0,000

$i, I00,000

Rate (20%) $ 220,000

Total Estimated Cost $1,320,000

Fee $ 132,000

Total $1,452,000
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QUARTERLY FUNDING REQUIREMENTS (Dollars in Thousands)

(Basic AAP Concept without Boom/Gimbals)

Quarter

Number

i

2

3

4

5

6

7

8

9

i0

ii

12

13

14

15

Fee

Total

Design, Development

Fabrication, Test

(Mock-Ups and Pro-

totypes and General

Support of Experiment

Without Fee

300,000

400,000

700,000

700,000

800_000

900,000

700,000

400,000

I00_000

60,000

$5,160,000

$ 516,000 Fee

$5,660,000 Total

Fabrication, Test

and Delivery ,of

Flight Units

Without Fee

500,000

250_000

300_000

200,000

35,000

35,000

$i, 320,000

132,000

$1,452,000

GRAND TOTAL

Data Analysis

and Publication

210,000

210,000

$ 420,000

Fee 42_000

Total 462,000

$7,480,000
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